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ABSTRACT 
Little is known about the dynamic pressure distribution 
changes, as compared to static pressure distribution, that take 
place on the sitting surface of a wheelchair while one propels 
oneself on a level surface. An understanding of these dynamic 
pressures may influence the design of wheelchair seat cushions 
designed to minimize pressure sores. This research investigates 
dynamic interfacial pressure changes on the seated wheelchair 
user during short bursts of locomotion on a level surface. 
Ten nondisabled subjects sat in a sling-seat wheelchair 
while eleven disabled subjects used their own sling-seat 
wheelchairs without a cushion. Only those capable of manually 
propelling themselves were considered. 
Pneumatic bladders arranged in a flexible grid matrix (50 
elements covering a 7.5" x 15" area) were instrumented with 
miniature piezoresistive pressure transducers and placed between 
the user and the wheelchair seat. One half of the subject/seat 
interface was instrumented. The other half was covered with 
one-half-inch-thick foam. Dynamic pressure distributions in the 
left and right halves were measured in separate trials for every 
subject. Each sensor was sampled at 10 Hz during the time it 
took the subject to traverse 25 feet from start to stop. 
Disability level (disabled or nondisabled), morphology 
(fat, thin, or muscular) and locomotion period (acceleration, 
coast, or deceleration) were examined for their effect on 
X 
maximum pressure (magnitude and location), average pressure 
(magnitude and location), area above 35 mmHg (magnitude and 
location) and maximum deviation in the center-of-pressure. Data 
was with respect to static conditions. Side effect (left, 
right) was accounted for prior to the independent variable 
effects. 
There were effects due to disability on the smallest global 
average pressure, largest threshold area and largest global 
maximum (p^O.05). There were no morphology effects. Period of 
locomotion had an effect on all variables except location of 
largest global average, location of largest global maximum, and 
location of largest threshold area (p^O.OOl). Two-tailed t-
tests of the relative dependent variables revealed that all 13 
dependent variables varied with respect to the static conditions 
(p<0.0001) indicating a dynamic nature. 
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INTRODUCTION 
Background 
Over 4%, possibly as high as 7% to 8%, of deaths among the 
spinal cord injured (SCI) population have been directly 
attributed to pressure sores (Geisler et al., 1977; Souther et 
al., 1974). Pressure sores can result in bacteremia, exacerbate 
renal amyloidosis causing kidney failure, the leading cause of 
death in this population, and in certain cases to amputation 
(Shields, 1986; Zacharkow, 1988) . Incidence of pressure sores 
among paraplegic, quadraplegic and other wheelchair-bound 
patients ranges from 25% to 85% (Souther et al., 1974; Dinsdale, 
1974). Of the SCI patients who experienced pressure sores (40% 
of the total surveyed) between the years of 1975 to 1980, 6% had 
severe pressure sores (Young and Burns, 1981) . 
Cost estimates, in 1978, associated with the healing and 
treatment of pressure sores ranged from $10,000 to $46,000 
(Shields, 1986) . On average, hospital costs for SCI patients 
with severe pressure sores were $15,000 greater than those for 
patients without pressure sores (Young and Burns, 1981). 
According to a study by Noble (1981) the average number of 
inpatient days required to heal an ischial pressure sore is 74 
days. In 1978 it was estimated that the yearly cost for the 
healing of pressure sores in the United States was over $2 
billion (Motloch, 1978) . Reduction of pressure sore incidence 
and severity has obvious implications. The reduction in human 
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suffering and the savings in lives and medical costs merit 
research in and development of wheelchair seating systems and 
their interaction with the user. 
The Problem 
According to Bader (1990) compression is the predominant 
form of loading in situations on which the body interfaces 
externally with load-carrying devices, i.e., the sitting 
surface. When an externally applied load or pressure results in 
internally induced pressure exceeding capillary and interstitial 
pressures (approximately 10 mmHg to 32 mmHg) vascular and 
lymphatic occlusion occurs (Seymour and Lacefield, 1985; Kosiak, 
1976; Swart, 1985). If the high interface pressure continues, 
metabolic wastes build up and cell necrosis will follow. 
Ultimately, pressure sores (decubitus ulcers, ischemic ulcers, 
skin ulcers) will develop. 
Able-bodied persons typically readjust their body position 
when they feel discomfort. However, many physically disabled 
persons are paralytic and cannot feel physical pain or cannot 
readjust themselves, as with the case of upper body 
disabilities, even if they can feel physical discomfort. 
Subsequently, pressure sores may develop along with the 
consequential health implications. 
Swart (1985) and Krouskop (1978) discuss at length the 
theory of tissue deformation as a cause of decubitus ulcers. 
Krouskop (1978) emphasizes the role lymphatic insufficiency 
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plays and suggests the implementation of pharmacological agents 
which enhance lymphatic propulsion, in the treatment of 
decubitus ulcers. Swart (1985) and Hobson (1989a, 1989b) 
conclude that shear pressure or stress as well as large pressure 
gradients are a contributing factor in the genesis of skin 
ulceration. Pressure normal to the skin surface applied over 
sufficient time is a major factor in the etiology of pressure 
sores and must be distinguished from hydrostatic pressure. For 
example, scuba divers are exposed to evenly distributed 
pressures of several atmospheres, obviously with no skin 
ulceration occurring. Since there is no significant difference 
in applied pressure on a given area of the diver's buttocks as 
compared to an adjacent area no shear stress is induced. Non­
uniform loading establishes pressure gradients which can be 
translated into shear stress. 
Dinsdale (1974) and Bennett et al. (1979) examined the role 
pressure and shear play in the causation of pressure sores. 
Both acknowledge that prolonged normal pressure on skin is an 
important factor in pressure sore causation. Dinsdale (1974) 
concluded that a pressure of 159 mmHg with friction 
significantly increased the production of ulcers. Bennett et 
al. (1979) found that when sufficient shear stress was present 
the pressure necessary to occlude blood flow was reduced by 
nearly half. Also, under certain conditions normal pressure is 
roughly twice as effective as shear in restricting blood flow. 
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REVIEW OF LITERATURE 
Equipment and Methods 
Congleton et al. (1988) examined the literature pertaining 
to buttock pressures while seated. Drummond et al. (1982) also 
cite studies examining interface pressures between the specific 
sitting surfaces studied and the subjects' buttocks and/or 
thighs. Pressure/force transduction methods employed include 
pressure-sensitive chemicals (Frisina and Lehneis, 1970) where 
an acid indicator and a mild acid interact in a controlled 
manner, dependent on the seated pressure distribution. 
Capacitive sensors were utilized by Bush (1966) , and Knapp and 
Bradley (1970). As force is applied the transducer compresses 
thereby changing the dielectric thickness which alters the 
capacitance and associated test current. Minns and Sutton 
(1978) and Shields (1986) collected pressure distribution 
information with an optical barograph. Light intensity is 
dependent on applied pressure. As pressure is applied to the 
upper rubber surface light is reflected out of the lower 
Plexiglas surface and picked up by a video camera. Spring/rod 
displacement systems, where displacement is a function of 
applied force were employed by Cooper et al. (1986) (utilizing 
Hall effect transducers), Chung et al, (1989), Todd et al. 
(1989), Sprigle and Chung (1989), and Sprigle (1990). Congleton 
et al. (1988) acquired pressure pattern information through use 
of conductive foam. Fiber optic force sensors were developed by 
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Brienza et al. (1989). As a load is applied to the optic fiber 
the intensity of light being transmitted is altered. Dinsdale 
(1974), Bennett et al. (1979) and Drummond et al. (1982) 
incorporated strain gage resistors into single gage and multi-
gage grid systems to measure pressure at a point and over a 
fixed area. Pneumatic cell pressure sensors with internal 
contact switches or in some cases pneumatic linear transducers 
were employed by Garber and Krouskop (1982), Berjian et al. 
(1983), Seymour and Lacefield (1985), Bader and Hawken (1986), 
Kett et al. (1986), Jaros et al. (1986), Chung et al. (1989), 
Hobson (1989), Sprigle and Chung (1989), Todd et al. (1990) and 
Bader (1990). Transducer systems implemented in these studies 
included the Texas Interface Pressure Evaluator (TIPE), the 
Oxford Pressure Monitor (0PM), the Pressure Evaluation Pad (PEP) 
and a Scimedics pressure pad. Reger et al. (1986) applied an 
inventive use of magnetic resonance imaging in obtaining in vivo 
soft tissue strains on various support surfaces. 
Interface Pressure 
There is no one static pressure threshold at which 
decubitus ulcers come about. Rather, there exists "an inverse 
relationship between the magnitude of pressure and the duration 
of pressure in the production of decubitus ulcers" (Dinsdale, 
1974). Typical values reported where some tissue damage 
resulted are 45 mmHg with friction (Dinsdale, 1974), 70 mmHg 
(Kosiak, 1976), and apparently even as low as 11 mmHg (Eriksson, 
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1980). Ferguson-Pell (1990) reports the recommended maximum 
acceptable pressure for various bony prominences at different 
levels of risk. However, there are many factors (eg. shear, 
temperature, muscle tone, morphology, metabolic activity, etc.) 
which affect one's propensity for developing pressure sores. 
Many factors affecting pressure between the user and the 
wheelchair have been investigated. Of these the effect of 
cushion type predominates. Other factors include lumbar 
support, type of transducer, surgical treatment, body build, 
unsymmetrical sitting posture and status of disability (eg. 
disabled versus nondisabled). 
Cochran and Palmieri (1980) introduced an array of test 
methods for evaluation of wheelchair cushions. Previous to this 
no comprehensive program for evaluation of commercially 
available cushions existed. Two of the tests involved rapid 
loading, to determine the damping ratio, and interface pressure. 
Twenty-four commercially available cushions were tested. 
Cochran and Palmieri (1980) defined the damping ratio as 
the resting pressure over the peak pressure. Strain gauge 
pressure transducers were utilized because of their dynamic 
response capability. The preferred cushion damping ratio was 
0.35 to 1.0, with higher values being better. The mean damping 
ratios for foam and viscoelastic foam cushions were 0.53 and 
0.95, respectively. Gel and fluid flotation cushions averaged 
0.4 9 and 0.35, respectively. This evaluation parameter required 
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a pressure transducer with a frequency response high enough to 
accurately measure the natural frequency of the cushion and 
impact tool. Oscillation times of the cushions varied from 
0.5 s to 1.0 s. 
A single cell Scimedics, Inc., air cell pressure transducer 
was placed over each ischial tuberosity, then skin/cushion 
interface pressure was determined. The preferred range of 
maximum pressure values was 50 to 90 mmHg with lower values 
being better. The mean interface pressure at the ischial 
tuberosities with foam and viscoelastic foam cushions was 76.4 
mmHg and 73.7 mmHg, respectively. Gel and fluid filled 
flotation cushions averaged 93.1 mmHg and 71.7 mmHg, 
respectively. Cochran and Palmieri (1980) remark that due to an 
inherent variability in measuring interface pressure absolute 
values should not be used in describing a cushion's ability to 
relieve pressure, rather interface pressure should be used in a 
comparative manner such as with some reference or control group. 
Dozens of studies have measured interface pressure as a 
function of cushion type or sitting surface. Most incorporated 
single-site transducers. Some measured pressure over the entire 
sitting surface. 
Sitting pressures using foam, viscoelastic foam, gel and 
fluid flotation cushions were measured with solid state and 
pneumatic pressure transducers (Palmieri et al., 1980). 
Statistically similar results were obtained for both transducer 
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types although the "air cell type transducer appear(ed) to be 
more appropriate for routine clinical use." The foam, 
viscoelastic foam, and fluid flotation cushions did not result 
in significantly different ischial pressures. Pressures 
averaged from 71.2 mmHg to 75.8 mmHg for these cushions. The 
gel cushions resulted in a significantly higher ischial pressure 
of 93.2 mmHg. The interface pressure, as measured by an air 
cell transducer,corresponded well with subcutaneous pressure, as 
measured by a wick catheter (Cochran, 1985). 
Berjian et al. (1983) also examined skin pressure with a 
variety of mattresses using subjects who were cancer patients. 
Pressure was measured with an air cell transducer when the 
subjects were in the supine position. They found that mud gel 
cushions and adjustable multi-chambered air mattresses set at 
lower inflation pressures (eg. 30-40 mmHg) resulted in lower 
interface pressures (generally less than 32 mmHg) at select body 
locations than static mattresses (eg. sheep skin, foam). They 
also found that patients with cancer had higher pressures at the 
trochanter and sacrum than healthy subjects. 
Contoured foam seat cushions showed a reduction in pressure 
from 52.5 mmHg to 44.9 mmHg when compared to flat foam (Chung, 
1987; Sprigle and Chung, 1989). These same researchers examined 
surface area and displacement volume as indicators of a 
cushion's ability to improve comfort and reduce pressure sores. 
They found that the supporting surface area increased by 2% and 
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the displacement volume increased by 64% when contoured foam 
cushions were used instead of flat foam cushions, 
Seymour and Lacefield (1985) tested many of the same 
wheelchair cushions as previous researchers. They examined, 
among others, the effect of cushion type and morphology 
(loosely) on maximum pressure and area of maximum pressure. 
There were three body classifications: thin, average and obese. 
They expected morphology to have an effect on maximum pressure 
and on area of maximum pressure as Garber (1982) found. The 
idea is that thinner bonier people have more pronounced 
tuberosities resulting in a higher peak pressure distributed 
over a smaller area. In fact, their findings were the opposite. 
They defined an area as being soft or hard denoting the degree 
of underlying boniness. For the most part, nondisabled and 
disabled thin and obese subjects showed a tendency toward a more 
soft area as compared to the average group. No explanation for 
this effect was offered. 
There was no effect of group (disabled or nondisabled) on 
area of maximum pressure or on maximum pressure when any of 8 
cushions was used. There was a significant effect of type of 
cushion on area of maximum pressure. The Synergistic Tri-Pad 
foam cushion and the Spenco Skin Care Pad gel cushions resulted 
in the greatest percent of bony area tuberosity (70%-80%). The 
Jobst gel and Jobst water-filled cushions had the smallest 
percent of bony area (=20%). Seymour and Lacefield (1985) note 
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that there was a wide variability in pressure measurements in 
individuals, particularly disabled subjects. A reduction of 
this individual variability through procedural and/or equipment 
improvements would increase the sensitivity and reliability of 
the data. 
Garber and Krouskop (1982) arrived at a different 
conclusion than Seymour and Lacefield (1985) on the role of body 
build to pressure distribution. They classified subjects as 
thin, average or obese using height, weight, sex, and age as 
qualitative delineators. 
Thin subjects had a greater incidence of maximum pressures 
occurring over bony areas as compared to average and obese 
subjects. Although only some of the four cushions tested 
resulted in thin subjects having a higher absolute peak pressure 
the fact that the peak pressure, whatever it was, was located 
over a bony area is important. This is because bony points 
within muscle tissues are sources of large pressure gradients 
inhibiting blood flow (Swart, 1985). The largest pressure that 
the Pressure Evaluation Pad could apparently measure in Garber 
and Krouskop's study was 100 mmHg. Conclusions about maximum 
pressures and the factors affecting it may have been better 
validated if actual peak pressures were found. There were no 
differences in peak pressure or its location (hard spot or soft 
spot) based on sex. 
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Chung (1987) and Chung et al. (1987) compared maximum 
pressure and maximum pressure gradient at the point of maximum 
pressure in three types of subjects: normal, paraplegics and 
quadriplegics on four types of cushions: foam, viscoelastic 
foam, composite foam and air-filled chambered. The paraplegic 
and quadriplegic subjects had less uniform pressure distribution 
and body contour, and higher peak pressure compared to that of 
normal persons. Nondisabled subjects presented a double 
pressure contour with symmetric shape over the sitting surface. 
Disabled subjects with flaccid buttocks presented only a single 
higher pressure peak near the coccyx. The air support cushion 
showed that the best contouring around the soft and hard 
tissues, followed by the viscoelastic foam, foam, and composite 
foam. 
Minns et al. (1984) measured pressure magnitude and 
distribution with a light-based barograph in patients before and 
after surgery. Two case studies showed a reduction in maximum 
pressures from 1763 and 1515 mmHg to 863 and 788 mmHg, 
respectively, after surgical treatment of ischial pressure 
sores. The barograph had a flat, hard surface resulting in the 
large pressure readings. Normal subjects had an average maximum 
pressure of 48 9 mmHg. Maximum pressures for the spinal injury 
patients averaged 1283 mmHg with a much larger variation. The 
worse the classification of pressure sore the higher was the 
ischial tuberosity pressure. Minns et al. (1984) noted that 
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when the legs were allowed to hang freely (i.e., no foot rests), 
the center of pressure moved forward by 3.0 cm in the normal 
subjects and 2.6 cm in the spinal injury patients. 
Shields (1986) utilized the same type of optical barograph 
to study the effects of lumbar support on maximum sitting 
pressure with nondisabled subjects. He measured a reduction of 
peak pressure from =300 mmHg to =80 mmHg when a lumbar support 
was added. 
Kett et al. (1986) investigated the influence that 
functional electrical stimulation had on sitting interface 
pressure. They concluded that the maximum pressure reading, 
using two different pressure transducer systems, was always 
reduced during stimulation, however, there was a great deal of 
inter and intra individual variability introduced due to 
fatigue. 
Other than the study by Cochran and Palmieri (1980) 
establishing damping ratio test procedures for wheelchair 
cushions apparently no recent studies involving dynamic pressure 
analysis of sitting interface pressure have been published in 
the most common journals associated with this topic. However, 
Patterson and Fisher (1980) and then again Fisher and Patterson 
(1983) studied long term pressure changes under the ischial 
tuberosities of sitting subjects. 
In both studies the subjects went about their normal daily 
activities while a recorder stored ischial pressure and time 
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data. Frequency and duration of wheelchair pushups was included 
in the data. .None of the subjects used a timer or other 
commercially available electronic monitor/alert system such as 
the Time-Logger-Communicator (TLC) (Grip, 1986; Merbit, 1985) or 
the Wheelchair Patient Monitor (Gumming, 1986). 
The first study used paraplegic subjects sitting on a 4" 
foam cushion. The second study involved quadriplegic subjects 
sitting on a 4" foam cushion then again on a multi-chambered air 
support (ROHO) cushion. The first study (Patterson and Fisher, 
1980) revealed subjects sat at pressures >150 mmHg 17.6% of the 
time, pressures >90 mmHg 53.5% of the time, and pressures >30 
mmHg 91.8% of the time. The average time between pushups 
lasting longer than one second was 10.1 minutes and pushups 
lasting longer than five seconds was 2 9.6 minutes. On the 
average the subjects sat for periods longer than recommended by 
medical personnel at the authors' institution, which is a pushup 
of five seconds every 15 minutes. However, none of the subjects 
developed pressure sores up to six months after the study. 
Patterson and Fisher (1980) state, "The fast, less-than-one-
second oscillations in pressure may be artifacts caused in part 
by shearing forces and the uneven loading of the single pressure 
transducer, or they may be due to quick pressure reliefs." 
Because the physical meaning of the pressure oscillations was 
not known and because no study showed pressure reliefs were 
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beneficial in preventing ulcer development the study 
concentrated on pressure reliefs longer than one second. 
The average ischial pressures for tetraplegics on the ROHO 
and foam cushions was 71.5 mmHg and 105.4 mmHg, respectively 
(Fisher and Patterson, 1983), The average time between pushups 
lasting longer than one second and longer than five seconds was 
72.1 and 96.2 minutes, respectively. As in the aforementioned 
study this is longer than recommended by medical personnel in 
the authors' institution. The average time between pushups was 
less with the foam cushion. The pressure-time curves for 
paraplegics was ^more acceptable' than for tetraplegics, however 
none of the tetraplegics in the study showed signs of decubitus 
ulcers. The tetraplegics sat for longer periods of time without 
relief than did the paraplegics and their pressure records 
displayed less pressure oscillations. 
Cardi et al. (1990) discussed the development and 
evaluation of a pressure-mapping system for prescription of 
seating wheelchair and positioning systems. They state that in 
many cases the process of positioning a client and defining the 
characteristics of the seating surface can be aided by the 
availability of a pressure mapping system. Many of the current 
systems are limited in their ability, among others, to measure 
and record peak and gradient pressures during functional 
activities. 
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The study of Card! et al. (1990) appears to have been the 
only one utilizing a real time or high speed pressure transducer 
matrix capable of use in the disabled individual's own 
wheelchair during functional activities. Although no pressure 
data analysis and results were provided they briefly discussed 
their system's key features. It employed the use of computer-
assisted lithography to produce a grid of over 2000 sensors 1 cm 
apart and utilized electrically conductive pressure sensitive 
ink. Two-dimensional and three-dimensional pressure contours 
could be measured in real time and dynamic loading could be 
measured and recorded for 6 seconds. 
Efforts in creating better seat cushions generally appear 
to emphasize reduction of absolute pressure beneath the ischial 
tuberosities, reduce large pressure gradients,and more evenly 
distribute loading on the buttocks and thighs. 
It was the purpose of this research to study and ascertain 
if any significant pressure shifts or pressure distribution 
changes occur on the buttocks and thighs of individuals when 
accelerating then decelerating a wheelchair over a distance of 
about 25 feet. 
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DESIGN & OPERATION OF INSTRUMENTATION AND SOFTWARE 
Hardware System 
Design Considerations 
Several types of transduction techniques have been 
introduced. Their suitability for dynamic measurements is 
discussed here. Cooper et al. (1986) listed a variety of 
transducers and why they did not choose them. Variable 
resistance elastomers have insufficient resolution and 
reproducibility. Existing strain gauge transducers and load 
cells are too expensive since many are required, as with this 
study. And, air bladder transducers measure resultant pressure 
regardless of the orientation of the applied force. This is 
true with air bladder grids innervated with discrete switches; 
however, in this study linear piezoresistive IC transducers were 
consolidated with each of the 50 bladders. This provided a 
linear analog output of the pressure in each of the cells. 
Since it was not intended to differentiate between normal 
pressure and shear, but rather to investigate the behavior of 
the overall pressure distribution, pneumatic bladders were used 
as the system of choice. 
The overall hardware system setup is depicted in Figure 
3.A. The pressure bladders are represented by the circles in 
the right half of the transducer array and the sensors are 
represented in the left half of the transducer array. 
Bladder/transducer #1 was in the upper left corner of the 
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Figure 3.A. Hardware setup. Arrows indicate data and control 
line flow. The IBM PC block represents the entire 
computer system (eg. printer, floppy storage, etc.) 
transducer array, followed by #2 on its right, then #3 and so 
on, until #50 in the lower right hand corner as depicted in the 
diagram. Explanations of the system components follow. 
Tgansducey Element 
Pneumatic bladders integrated with linear piezoresistive 
pressure transducers best fit the design considerations 
applicable to this study. The basic transducer element is 
graphically depicted in Figure 3.B and shown in Figure 3.C. 
Although linear displacement transducers would have been 
suitable for acquiring the type of information of interest, a 
dedicated wheelchair would have been required to mount them. 
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Figure 3.B. Transducer element schematic. Transducer element not 
to scale. Circuit diagram from Microsoft, 1986 
This was not acceptable since it was desired to measure pressure 
changes in the user's wheelchair. 
Each bladder was composed of a thin, pliable, yet 
moderately indistensible polyethylene plastic skin, identical to 
that used in bubble wrap material. The top skin of the bladder 
was 4 mil plastic and the sides and bottom were 2 mil plastic. 
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Figure 3.C. Individual bladder/transducer element. The ruler is 
6" long 
The sides of the bladder were reinforced with conventional 
strapping tape (3/8" height x 4" circumference) permitting 
vertical compression but minimizing horizontal or radial 
distention, thereby preventing cross-channel contamination to 
adjacent cells. Each cell was bonded by hot glue to its own 
thin (1/16"), rigid plastic base then wrapped by two 1/2" wide 
Latex bands at 90° to each other. The Latex bands were cut from 
Penrose surgical tubing and provided a preload to the lumen of 
the bladder creating a known starting pressure. The base of 
each bladder element was 1.4" x 1,4". The cells were affixed 
with hot glue to a nylon fabric sheet, allowing bending but not 
stretching. The hot glue provided sufficient fixation of the 
bladder element to the nylon fabric yet permitted easy removal 
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of the bladder for servicing or replacement. The distance 
between the centers of the transducers was 1.5", however, the 
base of each bladder element was 1.4" square. This reduced 
binding and promoted flexibility of the entire matrix. 
Each cell was innervated by a thin channel (0.5 mm inner 
diameter) Silastic™ silicon tube. Its diameter and length were 
chosen to minimize signal attenuation, damping and loss of 
frequency response. This thin transmission tube entered the 
bladder on the underside of the bladder element. Vinyl glue and 
Silicon glue were incorporated to ensure a durable, well-bonded 
airtight seal. The wall of the 7.5" long transmission tubing 
was thick enough to prevent kinking or collapse when a subject 
sat on the transducer grid. The opposite end of each 
transmission tube was connected to a 3-way joint. Connected to 
another end of the 3-way joint was a filling port. A clamp 
occluded the filling port when the transducer system was in use. 
The remaining end of the 3-way joint connected to a Micro 
Switch 136PC05G1 pressure sensor (Honeywell Micro Switch 
Division, Freeport, IL). This is a 0 psi to 5 psi, temperature 
compensated, four-active-element (Figure 3.B) piezoresistive 
bridge (Micro Switch, 1986). The sensors required a 12 volt DC 
input and provided a differential voltage output linearly 
proportional to gauge pressure. Output sensitivity of the 
136PC05G1 pressure sensor is 10 mV/psi. Based on a preliminary 
examination of sitting pressure utilizing a 16PC15MF Micro 
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Switch pressure sensor and an early version of the air bladder 
used in this study it was believed that peak pressures during 
actual trials could exceed 5 psi with pressures greater than 20 
psi considered very unlikely. The maximum overpressure of the 
136PC05G1 pressure sensor is 20 psi. Consequently, damage to 
the sensors was improbable. 
Figure 3.D. Pneumatic transducer array. Foam covers the pressure 
sensors for comfort. The grid is shown on the left 
side although it can be placed on the right, front, 
or back halves 
Tcansdvtcec Matrix 
The transducer matrix included 50 individual transducer 
elements covering one half of the seat and was held in place on 
the seat bucket and support structure of the chair via Velcro 
straps. The grid is composed of 5 rows and 10 columns, covering 
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a 7.5" by 15" area. It is approximately 0.7" thick without an 
externally applied load. The pressure bladder matrix is shown 
in Figure 3.D. This is similar to Congleton's (1988) work in 
that it only covers one half of the sitting surface. He remarks 
that "Literature indicated that pressures measured, although 
slightly different, essentially can be considered equal for both 
the left and right buttocks and legs (O'Hara, 1962)." 
To minimize the thickness of the transducer grid and to 
improve reliability and ease of fabrication wire wrap was 
employed to link the transducers to one of three multi-pin 
connectors. It was necessary to incorporate the connectors 
into the design to enable rotation of the pressure grid from one 
trial to the next. Three ribbon wire cables carried the common 
+12 V Supply line, ground and the 100 output lines (50 
differential) to the multiplexer and amplifier circuits. 
Multiplexer Circuit 
A total of 102 wires interfaced the transducer grid. This 
mandated that a multiplexer be attached to the wheelchair to 
reduce the number of lines between the data acquisition system 
and wheelchair from 104 to 11. 
The multiplexer was capable of passing the signal with 
minimal influence on the signal itself as well as switching fast 
enough to satisfy the 500 Hz (10 Hz x 50 channels) sampling 
rate. The multiplexer allowed no signal to pass through from 
those channels not currently selected. Six CMOS 4067 16 channel 
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to 1 channel analog multiplexers and one CMOS 4052 4 channel 
differential analog switch facilitated this. A schematic of 
this circuit is provided in Figure 3.E and shown in Figure 3.F. 
The circuit was constructed on two prototype boards and enclosed 
in a protective vinyl pouch during data acquisition. The 4067's 
were grouped into three pairs with one half of each pair 
switching the positive output signal of 16 transducers and the 
other switching the corresponding negative outputs. This way 
any one of 48 transducers could be selected with the six 4067's. 
The remaining two transducers were multiplexed with the 4052. 
Logic circuitry utilizing six 7400 NAND gates was required so 
that the computer would enable only one of the three 4067 pairs 
or the 4052 at a time. 
Six control lines, labeled as D/OUT 0 through D/OUT 5 in 
Figure 3.E, were required in order to individually select the 50 
transducers. These lines received signals from the TTL-based 
Keithley System 570 Measurement and Control System for the IBM 
and IBM compatible computers (Keithley Data Acquisition and 
Control, Cleveland, OH), therefore, the power supply for the 
analog multiplexer and enable logic circuitry was +5 V. A 7805 
+5 V regulator provided the appropriate supply voltage. 
The 50 pairs of outputs were then connected together 
resulting in a single differential output. Any of the 50 
sensors could then be selected by providing the appropriate 6 
bit digital word. 
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Figure 3.E. Multiplexer and instrumentation amplifier schematic. 
Dashed lines represent chip-enable control lines. 
Only two of the 50 sensors are shown 
25 
Figure 3.F. Multiplexer hardware. The six large chips are the 
4067's. The IC in the lower right is the 4052. The 
IC in the lower left is the LM324. Above it are two 
7400 NAND gates utilized in the logic circuitry 
Instrumentation Amplifier 
The Keithley 570 data acquisition system is capable of 
receiving and amplifying a differential voltage signal. 
However, to minimize signal attenuation in the wire between the 
multiplexer and the Keithley 570 an instrumentation amplifier 
was included with the multiplexer circuit on board the 
wheelchair (Figure 3.E). The amplifier design was taken from 
Eckrich 1985 and modified to eliminate the 5 Hz to 960 Hz -3 dB 
bandwidth and to provide a gain of 48. This circuit is stable 
over time, has a good signal-to-noise ratio (45 dB), and high 
common mode rejection (90 dB). An LM324 quad-operational 
amplifier circuit provided buffering, adjustable DC offset, and 
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amplification before feeding into the Keithley 570 data 
acquisition system. Amplifier power was provided by -8 V and 
+18 V supplies. 
Data Acquisition and Computer System 
The Keithley System 570 Measurement and Control System has 
several analog input and output channels and several digital 
input and output channels. It sampled the amplified transducer 
signal output, via software management, as well as controlled 
which sensor output was selected at any given time. The input 
range was set at 0 V to 10 V. The pressure signal was connected 
to analog input channel 0 (analog input port A). The six chip-
enable control lines were connected to digital channels 0 
through 5 (digital output port A). By sending a number from 0 
to 50 to digital output port A the corresponding sensor output 
passed through to analog input channel 0. 
Digital input channels 8 and 9 (digital input port B) 
sampled the outputs of two flip-flop circuits utilized in the 
electric eye circuitry. A high status indicated that the 
corresponding light beam had been broken. Digital output 
channel 8 (digital output port B) led to the reset input of the 
same two flip-flops. Finally, digital input channel 0 (digital 
input port A) was connected to a start switch which was 
depressed at the beginning of each trial, thereby initiating 
data acquisition (Figure 3.A.). 
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The Keithley 570 was controlled by an IBM PC compatible 
computer. The PC managed data acquisition, storage, retrieval, 
reduction, and some analysis, as well as timing, hardware error 
checking and control functions. The software section of this 
chapter discusses in detail the control and interface to the 
Keithley 570, the data flow and reduction, and error checking 
routines. 
Electric Eye circuitry 
Wheelchair movement was divided into three parts, 
acceleration, coasting and deceleration, and is discussed in 
greater detail in the Experimental Procedures Chapter. To 
discriminate between the three phases of locomotion during a 
trial, two light beams were placed at specific locations 
perpendicular to the direction of wheelchair travel. The 
schematic of the detection circuitry is furnished in Figure 3.G. 
When the beams were not interrupted, the light, focused by 
42 mm focal length convex lenses, struck one of two photo 
transistors (Q^ and Qj) allowing current to pass from the 
collector to the emitter. This essentially grounded the 
negative input of a comparator (1/4 LM339) causing its output to 
float high. When one of the beams was broken the corresponding 
transistor turned off forcing the negative input of the 
comparator high thus cycling the output low. NAND gates 
connected to each comparator output were employed to invert the 
output signal, creating proper logic and providing a sink to the 
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light emitting diodes (LED) mounted on the chassis of each photo 
detector unit. When each light beam was aligned with the 
detector and was not obstructed, the matching LED lighted 
providing visual feedback to the operator. 
The outputs of the two comparators connected to the set-
inputs of two flip-flop circuits acting as latches and 
bounceless switches. Since the flip-flops were designed with 
NAND gates the output state was normally low and switched high 
the first time the set-input experienced a low pulse. The 
status of the two flip-flop outputs, D/OUT 8 and D/OUT 9 were 
subsequently read by the Keithley 570. The flip-flops were 
reset to a low state, via digital output port B, prior to each 
trial. 
Intrusion of either beam triggered an NE555 timer set up as 
a monostable multivibrator. The 555 timer generated a 0.5 s 
pulse which powered a buzzer mounted on the wheelchair. This 
was to alert the subject to begin coasting or decelerating 
depending on whether the first light beam was penetrated or the' 
second was penetrated. A switch was provided so that an LED was 
activated instead of the buzzer. 
A total of 11 lines linked the wheelchair-mounted 
electronics and transducer grid. One was ground, one +18 V, one 
-8 V, one analog data signal, six digital control lines and one 
buzzer line. A 35 foot long, five pair cable with shielded 
ground served as the umbilical for the wheelchair electronics. 
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Software Algorithms 
There were two main types of programs written in 
QuickBasic™ (Microsoft, Corp.) for this research. The first 
was for system testing and data acquisition. The second was for 
data analysis and reduction. There were tertiary programs 
performing system calibration and review of data to determine if 
it was intact or if it was unsound. Appendix A lists the 
programs utilized in this study. The software analysis was not 
performed in real time but satisfactorily extracted the pressure 
characteristics sought. 
Statistical analyses were performed on a VAX computer with 
SAS (Statistical Analysis Software) The General Linear Model 
(GLM) and Means procedures performed F-tests and T-tests, 
respectively. The data were formatted for SAS by the analysis 
programs and transferred directly to VAX via an ISN port. After 
SAS analysis the results were transferred directly to a 
Macintosh computer, also via an ISN port. Raw data were 
transferred, via floppy disk, to a Macintosh where graphics 
analysis and generation was accomplished. 
The Keithley 570 calibration program is given in Appendix 
A.A. To insure accuracy in the analog to digital conversion the 
Keithley 570 was recalibrated any time it had been disconnected 
for use in other research. 
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Data Acquisition Pcogcam 
The program was written in modular form for user friendli­
ness and simplification of program execution and editing. After 
initializing all variables eight menu choices were presented. 
1. The Keithley 570 settings and calibration could be veri­
fied. This was useful in determining if the Keithley 570 was in 
need of calibration. 
2. The subject and sample ID were entered or modified with 
this routine. 
3. Before every trial it was necessary to create a calibra­
tion map. The map was a starting point ( initial pressure 
value) for each transducer when the transducer grid was not 
loaded. After the pressures were measured they were compared to 
a predetermined adjustable threshold. If the pressure was below 
the threshold an alarm sounded indicating which air bladder(s) 
had a low starting pressure. Air bladders that were low could 
be refilled, then a new calibration map could be created. 
4. Obtain a sample. This module first reset the photo 
detector flip-flops then measured the static pressure between 
the subject and wheelchair. When the start switch was depressed 
sampling of each transducer began at a rate of 10 Hz. The 
sampling rate was controlled within ±0.4 Hz by utilizing the 
internal timer of the computer. At the same time the electric 
eye status was determined and recorded. When the start switch 
was released, or eight seconds transpired, data acquisition 
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ceased. The eight second limit was imposed to control the size 
of data files due to memory considerations. Finally, the data 
was converted to millimeters of mercury. If any transducer 
leads shorted during the trial an alarm sounded indicating the 
time frame and transducer that required attention, A new trial 
then took place. 
5. A submenu provided choices concerning the data last 
acquired. It could be saved onto floppy disk or the last trial 
redone. The sample number could be incremented for the next 
trial using the same subject or a new sample ID could be entered 
for a new subject. The most recent data could be displayed on 
screen or printer, or program execution could be returned to the 
main menu, 
6. The pressure, represented in volts, from an individual 
transducer could be displayed in real time on the screen. 
Transducers could be directly or sequentially accessed. 
Examination of the individual bladder pressures in real time was 
beneficial when trouble-shooting the transducer grid or 
examining the behavior (eg. DC offset voltage) of a particular 
sensor element, 
7. DC offset voltage could be compensated for by setting 
the pressure warning threshold accordingly. DC voltage offset 
was measured when the bladder was not filled (i.e., at 
atmospheric pressure). It did not affect the data since it was 
a component of both the actual data readings and the calibration 
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map. The threshold adjustment only affected the pressure at 
which the computer warned the operator of low pressure. Since 
those transducers that had low starting pressure were manually 
examined on screen after the warning, a decision could be made 
regarding the data integrity. 
This option became inconsequential after finding that the 
DC offset voltage decreased to less than 0.1% of full scale 
after the two power supplies were on for at least one hour 
before data sampling began. 
8. Alignment of the light beams onto the photo detectors 
was supplemented with this option. Each detector had a 
different pitch associated with it that sounded when the beam 
was not aligned or when it was obstructed. 
9. Finally, the program could be exited when the last 
option was selected. 
Analysis Programs 
There were two data analysis programs which were similar to 
each other in function and the information they provided. Both 
extracted the same kind of information from the raw data but for 
the two different statistical models associated with this 
research, discussed later. The first program extracted the 
dependent variables for the model incorporating morphology, 
disability and morphology*disability interaction effects. The 
second program extracted the same variables for the model 
incorporating period of locomotion, morphology, disability and 
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associated interaction effects. The 13 dependent variables are 
largest peak pressure (magnitude and location), smallest peak 
pressure (magnitude and location), largest average pressure 
(magnitude and location), smallest average pressure (magnitude 
and location), largest threshold area (magnitude and location), 
smallest threshold area (magnitude and location), and maximum 
shift in center of pressure. The threshold area was defined as 
that area in which the pressure was greater than 35mmHg. 
Detailed descriptions of the variables are given in the 
experimental design portion of this document. All dynamic 
variables were relative to static conditions. 
The important algorithms for the first analysis program are 
described. Since the second analysis program was similar it is 
not specifically detailed. The difference was that rather than 
extracting the 13 dependent variables once for an entire trial, 
the 13 variables were extracted three times, once for each phase 
or period of locomotion (i.e., acceleration, coast, 
deceleration). Acceleration was defined as the period df time 
between activation of the start switch and intrusion of the 
first light beam. Coast was the period of time between when the 
first and second light beams were broken. Deceleration was the 
time between interruption of the second light beam and either 
release of the start switch or an elapsed time of eight seconds 
since start switch depression. 
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The analysis programs sequentially loaded the 82 data files 
and required human intervention only to insert in the disk drive 
the,next of a total of seven data disks. The magnitudes of the 
high and low, average and peak pressures for the static 
condition were determined first, then again for the dynamic 
conditions. Times at which measurements were made were also 
recorded. The locations in cartesian coordinates where the 
pressure averages occurred were calculated and referenced to the 
corresponding static values. Implementation of a subroutine to 
perform this task for both axes shortened and simplified program 
execution. Transducer number was converted to cartesian 
coordinates for peak pressure, then dynamic values were 
referenced to the associated static values. Next/ the area, in 
square inches, where the pressure was greater than 35 mmHg was 
found for dynamic and static conditions. The location, or 
center of pressure, of this threshold area was calculated and 
its distance from the 35 mmHg threshold area for the static 
condition was found. The last variable extracted from the data 
was maximum shift, in inches, of the center-of-prèssure (COP) 
with respect to the static COP. The same subroutine was 
utilized to calculate COP, in cartesian coordinates, as was used 
for determining the location of the resultant pressure for the 
average pressure variables. 
The periods (acceleration, coast,or deceleration) in which 
the 13 variables occurred were recorded for later analysis. The 
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data were saved in a format suitable for SAS input on à VAX 
mainframe computer. The software based data analysis was 
distributed among three computer systems, utilizing the 
available computer resources; however, this could be reduced to 
one computer if a clinical tool was desired. 
The analysis program associated with the model, including 
period effects, calculated the 13 variables three times, once 
for each period of locomotion. Consequently, the same 
algorithms are included in the second analysis program as in the 
first except that they are nested in a loop that determined when 
one period ended and the next began. 
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HARDWARE CALIBRATION 
Critical Issues 
Before the transducer matrix, multiplexer and Keithley 570 
data acc[uisition system could be employed for this research 
their operating characteristics had to be determined and any 
important nonlinearities or anomalies identified. The 
fundamental component of the transducer matrix was the Micro 
Switch pressure sensor. The linearity of the sensor output with 
respect to pressure input and the linearity of the analog to 
digital conversion were important considerations. 
The 136PC05G1 and Keithley 570 are commercially available 
products with known performance specifications, however, the 
pneumatic bladder and associated transmission tubing were not. 
Therefore, analysis of the operating characteristics of the 
individual bladder/sensor element exposed to specific conditions 
was necessary. The linearity of sensor output with respect to 
normal (vertical) loading, with respect to shear (horizontal) 
loading and with respect to normal preloading were examined. 
The frequency response of the individual transducer element with 
varying preloads was determined. Other important considerations 
included the effects of air leakage from and temperature changes 
on the pneumatic element. 
Voltage Output versus Pressure Input 
The 136PC05G1 has a typical linearity of ±1.5% of full-
scale-output (FSO) which translates to ±0.75 mV and a maximum of 
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±3.0% of FSO or ±1.5 mV. It has a typical sensitivity or gain 
shift of ±1.5% of FSO and maximum sensitivity shift of ±3.0% of 
FSO, which converts to ±0.75 mV and ±1.5 mV, respectively. FSO 
is 50 mV at 5 psi with a +10 V supply (Micro Switch, 1986). The 
linearity of the 136PC05G1 combined with the 4067 multiplexer, 
LM324 instrumentation amplifier and the Keithley 570 analog to 
digital converter was examined by applying a known input 
pressure to the pressure sensor and recording the voltage that 
the computer displayed based on the Keithley 570 output. 
Manometers 
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Sensor 
Instrumentation 
Amplifier 
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Multiplexer 
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Hand Pump 
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Figure 4.A. Voltage vs pressure experimental setup. The 
pressure sensor was powered by a +12 V supply. The 
valve on the pump enabled pressures to be held 
constant. Manometers were 3mmHg different at full 
scale (300mmHg) 
The experimental setup for this test is shown in Figure 
4.A. Two manometers were connected to a piezoresistive sensor 
and pressurized with a hand-held air pump. The 0 mV - 50 mV 
sensor output fed through channel 0 of the 50 to 1 multiplexer, 
1 
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then was amplified by the instrumentation amplifier before 
entering the Keithley 570. The indicated pressures from the 
manometers were averaged and plotted with voltage. The voltage 
values were converted from the 12 bit number provided by the 
Keithley 570 and displayed on the CRT screen. 
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Figure 4.B. Voltage vs pressure calibration. The best fit curve 
and correlation coefficient are shown. Solving for 
P this equation converts the incoming IBM PC voltage 
signal into pressure 
The results of the voltage vs pressure calibration are 
given in Figure 4.B. The least squares best fit line is shown 
(r = 0.9995). This reflects the linearity of not only the 
pressure sensors but of all the electronic processing of the 
original pneumatic signal. The linearity, as indicated by the 
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Figure 4.C. Pressure vs normal load experimental setup. The 
sensor was powered by a +12 V source. A 
conventional digital multimeter was utilized for 
voltage measurements 
high least squares correlation coefficient, was considered 
acceptable for this research. 
Pressure versus Normal Loading and Preloading 
The pneumatic bladders were composed of a slightly 
distensible plastic skin and Silastic™ (Dow Corning, Corp.) 
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transmission tubing and wrapped with 1/2" Latex bands. It was 
not known if these materials exhibited nonlinear behavior under 
the expected experimental conditions. Therefore, analyses of 
the influence of loading, both normal and shear, on pressure 
^seen' by the sensors were performed. 
An experimental setup, depicted in Figure 4.C, enabled a 
normal load to be applied to a pneumatic bladder. A horizontal 
plate (stage) rested on top of a bladder which rested on top of 
a scale. The stage was maintained in a horizontal orientation 
by being hung from a top plate (canopy) using long suspension 
lines. The canopy was suspended at four corners by converging 
four lines into one. The single line was draped over two 
pulleys and counter-weighted on its opposite end. 
As the load on the bladder changed by altering the counter­
weight the pressure in the bladder changed proportionally. The 
reading on the scale accurately indicated the amount of load 
that the volume of air in the bladder was supporting. Any 
distention of the bladder system was represented in the final 
pressure ^seen' by the sensor. The weight of the bladder before 
loading commenced was subtracted from each scale reading during 
the experiment. 
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Transducer Output vs Normal Load 
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Figure 4,D. Pressure vs normal load response 
Preload was provided by the elastic Latex bands around the 
bladder. It was varied by tightening or loosening the bands 
before the normal load was applied. In this study five 
different preloads were employed as the maximum practical 
resolution of preload attainable with the Latex bands was five 
levels. The degree of preload was quantified by the voltage 
reading from the sensor output. 
The results of the pressure response with respect to 
varying normal loads can be seen in Figure 4.D. The plot 
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includes the effects of normal load on pressure as well as 
preload on pressure. The data fits a linear curve (r2 =0.9994). 
The response of the individual transducer element with respect 
to normal loading and preloading is acceptably linear for the 
purposes of this research. 
Pressure versus Shear Loading and Preloading 
Some degree of shear loading on the air bladders was 
expected during the actual wheelchair pressure tests. 
Consequently, the pressure effect of shear loading on the 
individual transducers elements was studied. Shear loading was 
defined as the load acting perpendicular to the normal load on 
the top surface of the air bladder. Or, in this case , the load 
which acted horizontally on the bladder. All of the shear load 
acting on the bladder was transmitted through the bladder to the 
base. Some of it was supported by, and transmitted through, the 
volume of air in the bladder and some by the walls of the 
bladder. Ideally, all of the load, both normal and shear would 
be supported by only the internal volume of air. 
A study was performed to assess the influence of shear load 
on pressure 'seen' by the sensor. The effect of preload was 
also examined. This was not the same preload as described in 
the previous section, rather it was the magnitude of normal load 
on the bladder before the shear load was applied. Figure 4.E 
illustrates the experimental setup. 
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Figure 4.E. Pressure vs shear load experimental setup. The "low 
friction" nylon pulleys were mounted on stainless 
steel shafts. A conventional digital multimeter was 
utilized for voltage measurements 
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This setup is similar to the normal load experimental setup 
except that provisions for inducing a shear load were added. 
Shear load was quantified by utilizing known weights for 
inducing the shear load. 
Without some normal loading the stage would simply slide 
off the bladder. The bladder was subject to a known preload 
then an increasingly larger shear load was applied. Eventually 
the shear load overcame the force of friction and the stage 
slipped on the bladder. The preload was increased and the 
procedure of measuring transducer pressure with increasingly 
larger shear loads commenced. This routine continued until the 
bladder became physically damaged, which occurred at 
approximately 2.2 pounds of shear force. 
The effect of the bladder weight and the normal load was 
subtracted from the resultant pressure leaving only the 
influence of the shear load on the pressure at the sensor. The 
results are plotted in Figure 4.F. An exponential curve fit the 
data with a correlation coefficient of 0.9623. The data 
displays a jagged character because the stage slipped when the 
static friction was over come by the shear load. The curve 
reflects both the effects of shear load on pressure as well as 
variable normal loading. 
It can be seen from Figure 4.F and Figure 4.G that pressure 
is relatively insensitive to small shear loads. It was noted 
during this experiment that sensitivity to shear increased when 
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Transducer Output vs Shear Load 
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Figure 4.F. Pressure vs shear load response. The best fit curve 
for this data is an exponential, however, quadratic 
and even linear fits have good correlation 
coefficients 
physical distortion of the bladder along a horizontal plane (as 
opposed to vertical compression) increased. Figure 4.G enables 
a direct comparison of the influence of shear loading and normal 
loading on pressure. 
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The chart does not indicate, during actual trials, what 
percentage of the resultant force on a bladder was due to shear 
and what-percentage was due to normal force. The pneumatic 
bladders in this study could not discriminate between shear and 
normal loading. 
Transducer Output vs Shear and Normal Loads 
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Figure 4.G. Pressure vs shear and normal loading 
Frequency Response 
Since the dynamic behavior of pressure was examined in this 
research, the dynamic behavior of the basic transducer element 
was also examined. The frequency response of the electrical 
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signal at the sensor output was determined with respect to a 
mechanical input on the pneumatic bladder. 
The 136PC05G1 is sensitive up to 1000 Hz (Micro Switch, 
1986) so it would not be a limiting factor in the transducer 
element's overall frequency sensitivity. The influence of 
factors such as air density, air viscosity, air bladder volume, 
and transmission tube length and diameter were not specifically 
analyzed. Rather, the transducer element as a single system was 
investigated. Tests were performed at ambient room temperature 
with a transducer element with dimensions shown in Figure 2.A. 
The equipment and experimental setup are depicted in 
Figure 4.H. The foundation of the test equipment was the Bruel 
& Kjaar Type 2032 digital signal generator and analyzer. It 
drove a conventional shaker table, via an amplifier, with a 
random signal between 3 Hz and 400 Hz. The rigidly mounted 
shaker table excited the rigidly mounted air bladder. The 
vibrations passed through the Silastic tubing and were detected 
by the piezoresistive pressure sensor. The sensor output was 
magnified with the same instrumentation amplifier utilized for 
the actual wheelchair pressure trials. The amplified signal led 
into channel 2 of the 2032 signal analyzer where it was compared 
to channel 1, the original random signal. The shaker table was 
contained within the analysis loop. However, it was sensitive 
to several thousand Hertz, therefore, it was not considered a 
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Figure 4.H. Frequency response experimental setup. The shaker 
table and air bladder were firmly secured to rigid 
bases. Nonessential objects lying on the same 
surface as the shaker table were removed to minimize 
superfluous noise 
limiting factor in the system's frequency response. A Bruel & 
Kjaar color plotter provided a hard copy output of the results. 
The frequency content of the input and output signals and 
their relationship to each other (i.e., frequency response) were 
examined. The high frequency response is plotted in Figure 4.1. 
The frequency content of the driving signal is moderately flat. 
The plot of the output signal demonstrates a definitive high 
frequency cutoff. The frequency response plot (arithmetic 
difference between output and input) shows a -3 dB cutoff 
frequency of 148 Hz. 
To examine the low frequency behavior a random input signal 
between 0 Hz and 50 Hz drove the transducer system. The results 
of this analysis are given in Figure 4.J. The input signal is 
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Figure 4.1. High frequency response. The top plot shows the 
frequency content of the input signal. The middle 
plot shows the frequency content of the sensor 
output signal. The lower plot shows the frequency 
response of output vs input. The values on the 
ordinate are in decibels (dB). The values on the 
abscissa are in Hertz (Hz). 1688 points were used 
to create this plot 
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Figure 4.J. Low frequency response. The top plot shows the 
frequency content of the input signal. The middle 
plot shows the frequency content of the sensor 
output signal. The lower plot shows the frequency 
response of output vs input. The values on the 
ordinate are in decibels (dB). The values on the 
abscissa are in Hertz (Hz). 2000 points were used 
to create this plot 
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relatively flat above 3 Hz. However, below 3 Hz the frequency 
content drops off. The pressure sensor output reflects this 
loss of signal below 3 Hz. The transducer system was able to 
follow the input signal down to the -3 dB cutoff of 1 Hz, where 
a Nyquist plot showed that the signal started to become 
nonlinear. The 136PC05G1 maintained a stable output during the 
non-dynamic (i.e., 0 Hz) conditions present in the pressure 
linearity studies. Future refinements could reduce the physical 
size of the transducer grid, improve transducer reliability, and 
minimize leakage of air from the bladders. 
The high frequency cutoff of 148 Hz is more than one order 
of magnitude larger than the data sampling rate of 10 Hz. 
Discussion 
The pneumatic bladder elements, multiplexer, amplifier, and 
data acquisition system exhibited acceptable frequency response 
and linearity, however, the question can be raised, "What 
proportion of the resultant force on a bladder, during actual 
trials, is normal and what proportion is shear?" Unlike normal 
loading, pressure did not not respond linearly to shear loading. 
If shear loading makes a significant contribution to the 
resultant load on a bladder, nonlinear effects may become 
significant. Since a pneumatic bladder cannot distinguish 
between shear and normal force and since the proportion of shear 
force to normal force would not remain constant under the 
dynamic conditions of the wheelchair trials, the question is 
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perhaps moot. However, a hypothetical approximation may help 
illustrate the relationship between shear load and normal load 
on the sitting surface of a chair. 
Assuming no seat slippage occurs, basic trigonometry shows 
that force applied to the seat pan as shear is approximately 12% 
the value of normal force when a 96° back pan to seat pan angle 
with a back pan inclination of 15° is assumed. Although this is 
a hypothetical approximation it is an indicator of the actual 
ratio of shear to normal loading in a seat. From Figure 4.G it 
can be seen that if the shear force is 12% of normal loads of 
4.5 lb and 0.5 lb then the pressure due to shear is 1.5% and 
3.6%, respectively, of the total pressure. This influence was 
considered as unimportant on the resultant pressure. 
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EXPERIMENTAL DESIGN 
Introduction 
Dynamic pressure in wheelchair seating has many 
characteristics or qualities that could be examined. Past 
static studies have looked at peak pressure, average pressure, 
pressure gradient, and area of pressure exposure, to name a few. 
In the dynamic environment each of these characteristics can be 
further subdivided. For example, peak pressure could be defined 
as the largest peak pressure or the smallest peak pressure 
occurring in the course of a trial. For example, for every 
instant that the transducer grid is scanned 50 readings, one for 
each individual sensor, could be taken. Of those 50 readings 
one will be the largest (i.e., peak pressure). If 80 scans 
occur during the course of a trial then there are 80 peak 
pressures. Of the 80 peak, or maximum, pressures one will be 
the largest and one will be the smallest. The peak pressure 
extremes could then be compared to the peak pressure that 
occurred during the static condition. This would yield 
information on the dynamic quality of this particular parameter 
when expanded to many trials and many subjects. 
Also, the location where a parameter occurs could be 
studied. For example, largest average pressure has a resultant 
pressure point with a location in cartesian coordinates. The 
distance between this dynamic parameter and the location of the 
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complimentary static parameter is an indicator of the dynamic 
nature of interfacial pressure. 
Variables 
There were two main objectives of this study. The first 
was to assess the dynamic nature of pressure by examining a 
total of 13 magnitude/location changes of select parameters with 
respect to static conditions and then testing to see if the 
changes were significantly different from zero. If a parameter 
was significantly different from zero, then that parameter, and 
therefore pressure, behaved dynamically. 
The other purpose of this study was to evaluate the main 
effects of morphology, disability status, and phase or period of 
locomotion and all of their interactions on the same thirteen 
characteristics of dynamic pressure acting between the user and 
the wheelchair. These thirteen (with abbreviations) were: 
1. Largest peak or maximum pressure (HMAX). 
2. Smallest peak or maximum pressure (LMAX). 
3. Largest average pressure (HAVE). 
4. Smallest average pressure (LAVE). 
5. Largest area above 35 mmHg (HAT). 
6. Smallest area above 35 mmHg (LAT). 
7. Shift in location of largest maximum pressure (DHMAX). 
8. Shift in location of smallest maximum pressure (DLMAX). 
9. Shift in location of largest average pressure (DHAVE). 
10. Shift in location of smallest average pressure (DLAVE). 
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11. Shift in location of largest area above 35 mmHg (DHAT). 
12. Shift in location of smallest area above 35 mmHg (DLAT). 
13. Maximum shift in location of center of pressure (DCOP). 
A secondary main effect examined was the side (left or 
right) that the transducer grid was on. The transducer grid 
covered only one half of the sitting surface, therefore, the 
data may have contained influences due to side. The effects of 
side were removed from the data before the principal effects 
were assessed. Based on findings from preliminary 
investigations only the 2-way interaction effects involving side 
and the principal main effects were examined. Higher order 
interactions remained in the residual error term. The 
statistical models involving these parameters are describrd 
later in this chapter. 
Independent. Variables 
The treatments contained three principal factors. The main 
effect of morphology consisted of three levels (Sheldon, 1970): 
1. Endomorphic (tending toward fat) 
2. Mesomorphic (tending toward muscular) 
3. Ectomorphic (tending toward skinny) 
These three commonly accepted levels of morphology refer to 
individuals whose mass primarily evolved from the endoderm, 
mesoderm, or ectoderm germ layers, respectively, of an embryo. 
They come from W.H. Sheldon's classification of body types 
(Sheldon, 1970). Endomorphic relates to the body's degree of 
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roundness and softness. It is characterized by a heavy rounded 
body with apparent tendency toward fat. Mesomorphic refers to 
the body's degree of muscularity and bone development, It is 
characterized by a husky, muscular body build. Ectomorphic 
pertains to the body's degree of slenderness, angularity, and 
fragility. It is characterized linearity of body build with 
sparse muscular development (light body build). 
The main effect of disability consisted of two levels. 
1. Nondisabled 
2. Disabled 
The disability effect refers to healthy, nondisabled 
subjects and wheelchair-confined disabled subjects. 
The main effect of period of locomotion consisted of three 
levels. 
1. Acceleration 
2. Coasting 
3. Deceleration 
During the course of propelling oneself in a wheelchair 
over a distance of 25', acceleration, then coasting, then 
deceleration took place. 
Morphology is of interest in static conditions because of 
the potential for identifying at-risk patients. Endomorphs, due 
to their typically heavier weight, may tend to have greater 
pressures. On the other hand ectomorphs, due to more pronounced 
tuberosities, may be prone to greater pressures. Morphology may 
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also be of interest in dynamic conditions. However, the change 
in magnitude or location was of interest in this study rather 
than the absolute static value. It is not readily apparent that 
one type of morphology has a greater influence than another on 
the change in value of the dependent variables from the static 
conditions. 
It is important to identify which dependent variables, if 
any, are influenced by the status of disability. If there was 
little influence of disability status on the dynamic quality of 
pressure then nondisabled subjects could be utilized in future 
studies. This could simplify some studies and reduce costs. If 
a variable's dynamic nature is different depending on whether 
the subject is nondisabled or disabled then caution must be 
exercised when inferences are made about disabled individuals 
when nondisabled subjects were used. If there are disability 
effects then there may be important reasons why and when the 
change takes place when one becomes disabled. The existence of 
disability effects may provide an impetus for further 
comparative studies. 
The thirteen variables may be affected based on whether the 
subject was accelerating, coasting, or decelerating. For 
example, accelerating the chair by stroking the wheel results in 
being pushed backward and upward. This may decrease the peak 
and average pressures while shifting the center of pressure 
toward the back. Conversely, when decelerating the subject's 
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inertia causes a tug on his arms when he grabs the wheel rim. 
This pulls him forward and downward, increasing the interface 
pressure and shifting the center of pressure forward. Since the 
subject is relatively still the coasting period should be most 
like the static condition. 
If significant period differences are found, then those 
conditions in which there is the greatest change from the static 
condition could be focused on in subsequent studies and studies 
examining the relationship between dynamic pressure 
characteristics and pressure sores. 
A potential source of experimental error could arise from 
recording data separately on the left side and on the right side 
of the sitting surface. Although O'Hara (1962) reported that 
sitting pressures were essentially equal on the right side as 
compared to the left side, statistical analyses of the pressure 
parameters in this study were performed after accounting for 
effects due to side. There is no intent to make side a 
principle independent variable, rather it is treated as a 
blocking effect. 
Dependent variables 
Since this research was primarily concerned with specific 
dynamic qualities of sitting pressure and there exists a body of 
similar data for the static condition, all data was referenced 
to the appropriate static condition. Although the raw dynamic 
data was measured in absolute terms (i.e., actual gauge 
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pressure) it was processed by subtracting from it the 
appropriate static pressure values which were recorded 
immediately before the dynamic trial began. Consequently,in the 
case of pressure magnitudes, positive values indicated dynamic 
pressures greater than static pressure. A negative value 
indicated the dynamic pressure was less than the corresponding 
static pressure. 
In the case of pressure locations the linear distance 
between the location of the dynamic parameter and the location 
of the corresponding static parameter was determined. No 
discrimination was made as to the direction in which the shift 
occurred, with regard to the statistical analyses. Therefore, 
there were no negative distances. 
The 13 dependent variables had slightly different 
definitions depending on which experimental model was applied. 
The purpose and descriptions of the two models are given in the 
next section. In one model only 13 values were found for each 
trial. That is, the global extreme values were, determined and 
analyzed without regard to which period of acceleration the 
values came from. 
However, to test the "influence" of period the 13 dependent 
variables must be determined for each of the three periods in 
any given trial (aka. period local values). 
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The largest peak pressure (largest maximum pressure) and 
the smallest peak pressure (smallest maximum pressure) were 
explained in the introduction portion of this chapter. 
The average pressure for every time frame or instant in 
time that data was acquired was calculated. Of all the time 
frames in a trial one of the calculated average pressures was 
the greatest and one was the smallest. These are largest 
average pressure and smallest average pressure, respectively. 
Calculation of average pressure considered the signals from all 
50 transducers no matter the number activated. 
Studies report that pressure sores may result from extended 
exposure to pressure greater than or equal to values anywhere 
from 11 mmHg to 32 mmHg (Zacharkow, 1988). In this study, when 
pressure exceeded a conservative 35 mmHg in any instance of time 
a threshold area was determined. Specifically, that area in 
which the pressure exceeded 35 mmHg was determined for every 
time frame, in this case every 0.1 seconds. Of all the time 
frames in a given trial one had the largest threshold area and 
one had the smallest. 
These six magnitude variables have six location variables 
associated with them. The largest and smallest peak pressures 
occurred at specific transducers. Since the transducers had a 
known location in the grid the location of the peak pressures 
could be converted to cartesian coordinates. 
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The locations of the largest and smallest average pressures 
were simply the centers of pressure for those time frames in 
which the magnitude of the average pressures occurred. They 
were dependent only upon the magnitude of the interface pressure 
and included all transducers whether they were loaded or not. 
The locations of the largest and smallest threshold areas 
were the centers of pressure of areas above 35 mmHg, or the 
locations of the resultant pressure points for the same areas. 
Both magnitude and shape of the area were considered in 
calculating these locations. If a trial had a smallest area 
above 35 mmHg equal to zero, that is no air bladders were above 
35 mmHg, then it also had no location. Consequently, no 
comparison could be made to the static conditions. In these 
cases the shift in location of the smallest threshold area was 
taken to be zero for the sake of statistical analysis. 
The time in which the shift in location of the largest 
average pressure occurred, or any of the other dependent 
variables, was not necessarily the same time that the largest 
shift in the center of pressure occurred. The maximum shift in 
center of pressure that occurred in a trial was determined and 
referenced to the center of pressure during the static 
condition. 
The periods in which the global values occurred were 
recorded for later analysis. 
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Subjects 
There were two main groups of subjects, disabled and 
nondisabled. The ten nondisabled subjects were composed of male 
and female college age students. They had no medical condition 
(eg. scoliosis) which would exclude them from participation in 
the study. All three morphological types were included in the 
nondisabled subject group. They were subjectively classified 
based on W.H. Sheldon's definitions of the three main body 
types, described earlier. 
The disabled group included subjects with some type of 
spinal cord injury (eg paraplegics, high functioning 
quadriplegics) resulting in their confinement to a wheelchair. 
There were 11 disabled subjects and they represented all three 
morphological types. Care was taken in consideration of the 
lower limbs in the subjective classification of body type due to 
muscle atrophy. 
All subjects were to be tested twice on both the right side 
and the left side resulting in four trials per subject. Due to 
equipment problems two disabled subjects ended up being tested 
on just one side. Since side was not a primary effect, rather a 
blocking effect, and rescheduling these disabled subjects would 
have introduced an unacceptable delay in data analysis, they 
were not remeasured on both sides. However, there was available 
time before the last session of data acquisition to alleviate 
any equipment problems. Consequently, the remaining three 
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disabled subjects were tested three times on each side to 
provide additional information on side effects, thereby, 
reducing the variation of the side variable. Since all subjects 
were not measured exactly twice on each side, the study was 
unbalanced. The random nature of morphology also contributed to 
the unsymmetrical nature of the data. The statistical analysis 
software was designed for and able to account for these 
properties. 
Discussion 
Ten nondisabled subjects participated in this study. Six 
were male, four were female. All were college students. They 
ranged in age from 24 yr to 36 yr with an average age of 
28.1 yr, and ranged in weight from 110 lb to 180 lb with an 
average of 139 lb. Three were classified as endomorphic, four 
as ectomorphic and three as mesomorphic. The nondisabled 
subjects used the same wheelchair. Seatback and seatpan angles 
were measured at 13.3° ±1.6° and 10.3° ±1.3°, respectively. 
Differences arose due to subject weight, individual sitting 
characteristics and measurement error. 
Eleven disabled subjects participated in this study. Eight 
were male, three were female. They ranged in age from 18 yr to 
45 yr with an average age of 29.9 yr, and ranged in weight from 
112 lb to 245 lb with an average of 164 lb. Four were 
classified as endomorphic, two as ectomorphic and five as 
mesomorphic. The disabled subjects used their own wheelchairs. 
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Seatback and seatpan angles were measured at 14.3° ±3.7° and 
10.0° ±4.2°, respectively. Since 11 different wheelchairs were 
involved in the disabled group the seatback and seatpan angles 
vary much more than in the nondisabled group. Nine disabled 
subjects were paraplegic, two were high functioning 
quadriplegics. The disabled subjects were between 1.5 months 
and 11 years (average =3.4 yr) post injury. 
Table 5.A. Anthropometric survey statistics. N=ll for disabled 
subjects. N=10 for nondisabled 
Dimensions in Centimeters 
Disabled Nondisabled 
Anthropometric Parameter 
1. Sitting Eye Height 
2. Lower Leg Length 
3. Upper Leg Length 
4. Thigh Circumference 
5. Hip Breadth 
Mean S .D. Mean S .D. 
75.2 ± 4.7 71.3 ± 4.9 
56.9 ± 4.0 53.2 ± 2.6 
58.8 ± 5.0 54.4 ± 3.7 
53.7 ± 9.6 54.9 ± 3.4 
41.7 ± 4.2 37.6 ± 2.4 
Anthropometric data was acquired for both subject groups. 
The results of the survey are provided in Table 5.A. Although 
the means of the disabled parameters are close to the means of 
the nondisabled parameters the variations are greater in the 
last four parameters. This may be related to the wider range in 
weight of the disabled subjects as compared to the nondisabled 
subjects. It may also result from atrophy in some disabled 
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subjects and excess fat in others due to more sedentary 
conditions as compared to the nondisabled subjects. 
Hypotheses 
The 13 dependent variables were extracted using two 
different methods. These were period local values and global 
values (a subset of period local values). Therefore, two 
statistical models were applied. In order to compare the 
effects of period of locomotion the thirteen dependent variables 
had to be found for each of the three locomotion periods in 
every trial. In this way the difference between a given 
variable extracted during acceleration, coasting, and 
deceleration indicated the influence of period of locomotion. 
Interaction effects involving period could also be examined. 
The global values for each of the 13 variables could be 
extracted from the period local values by taking the largest of 
the three values. 
The resulting two models were not compatible. Although 
global values could be considered a subset of period local 
values, the model for period local values didn't specifically 
address the absolute maximum values in a given trial, rather 
three values for each variable were involved in the statistical 
tests. And, the global values didn't specifically address 
period effects. 
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Model 1; Global Values 
There were three principal hypotheses tested for the model 
considering global values. They were: 
1) The effect of disability on the 13 dependent variables 
is zero. 
2) The effect of morphology on the 13 dependent variables 
is zero. 
3) The interaction effect of disability and morphology on 
the 13 dependent variables is zero. 
Table 5.B. Disability morphology subset 
Endomorph 
Mesomorph 
Ectomorph 
Disability was a fixed variable. Morphology was a random 
variable. The interaction effect of morphology and disability 
was a random variable. For any given subject, disability and 
morphology did not change. Therefore, they were defined as 
'within' subject parameters. Table 5.B helps illustrate the 
model. The 21 subjects were grouped according to their 
disability and morphology status. Disability and morphology 
were tested using an error term that did not consider error 
Disabled Nondisabled 
S 3 ,  S 7 ,  S 3 ,  S i o  8 1 6 , 8 1 8 , 8 2 1  
8 1 , 8 2 , 8 4 , 5 6 , 8 1 1  8 1 3 / 8 1 9 , 8 2 0  
8 5 , 8 9  8 i 2 f  S 1 4 ,  S 1 5 ,  8 1 7  
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were tested using an error term that did not consider error 
differences between subjects within a given cell. Rather, 
subjects within a cell were grouped together. This also grouped 
the subsampling (replication) within each individual together. 
There were three secondary hypotheses that were tested for 
this model. They were: 
1) The effect of side on the 13 dependent variables is 
zero. 
2) The interaction effect of side and disability on the 
13 dependent variables is zero. 
3) The interaction effect of side and morphology on the 
13 dependent variables is zero. 
Side was a fixed variable. The interaction effect of side 
and disability was a fixed variable. The interaction effect of 
side and morphology was a random variable. 
Side varied within each subject, therefore, it was tested 
across all subjects. The subsampling within, or replication of, 
a side was grouped together but both sides within a subject were 
not grouped. This precluded analysis of side effects. The 
error term required for testing side effects was the residual 
error term remaining after all other variables in the model are 
accounted for. 
The statistical design for the global model (model 1) is 
represented by the following equation. 
Yg.l.m.r = ^  +«1 +pj +apij +6(a)m(ij) +A.| ; j +G(b)ijj_m,r 
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where : 
1=1,2; j=l,2,3; 1=1,2; ni=l, 2, . . . 10, (11) ; r=l,2,(3) 
m= subjects within disability r= replications within side 
Y= predicted value 
|l = overall mean 
Ctj = main effect of disability 
Pj = main effect of morphology 
aPij = interaction effect of disability and 
morphology 
£(a)n,(ij) = subject within morphology and disability error 
term 
= main effect of side 
= interaction effect of disability and side 
PXj I = interaction effect of morphology and side 
G(b)ijj,m,r = error term 
This model applies to each of the 13 dependent variables. 
It is assumed that the predicted measurement is a linear 
function of the main effects, including side, interaction 
effects, and subject within a,and Pj effects (error a) . The 
terms in this model were not measured directly but estimated by 
the corresponding mean squares from the data. The general 
format of the analysis of variance (ANOVA) for the terms in this 
experimental design are summarized in Table 5.C. The sources of 
variation, degrees of freedom (df), sums of squares (SS), mean 
squares (MS) and F-ratio are shown. Type III sums of squares 
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was implemented for the ANOVA and ensuing F-tests. The 
Statistical Analysis Software (SAS) provided p-values based on 
the F values. The level of significance for a factor or 
interaction having a positive effect on the dependent variable 
under consideration was placed at p<5%. If a p-value is larger 
than 5% (or .05) then there is not sufficient evidence to reject 
the hypothesis being tested. 
Table 5.C. ANOVA table for model 1 
Source of Variation (df) 
(SS) 
Sums of 
Scfuares 
(MS) 
Mean 
Souares 
F-Ratio 
Corrected Tot Sbj w/ D*M 20 - - -
D (disability) (1) SS(D) SS(D)/I MS(D)/MS(Eg) 
M (morphology) (2) SS(M) SS(M)/2 MS (M) /MS (Eg) 
D*M (dis*morph) (2) SS(DM) SS(DM)12 MS(DM)/MS(Eg) 
Sub] w/ D*M (error a) (15) SS(Ea) SS(Ea)/15 
Corrected Total 81 
S (side) 1 SS(S) SS(S)/I MS(S)/MS(Eb) 
D*S (dis*Side) 1 SS(DS) SS(DS)/I MS (DS)/MS(Eb) 
M*S (morph*side) 2 SS(MS) SS(MS)/2 MS (MS)/MS(Eb) 
Residual Error (error b) 57 SS(Eb) SS(Eb)/57 
Simple statistics such as the mean, and standard deviation 
were calculated. The correlation coefficient matrix for the 
thirteen dependent variables was also estimated and examined. 
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Model 2 : Period Effects 
The second model considers the influence of the main effect 
of period and its two-way and three-way interactions with 
disability and morphology and its two-way interaction with side 
on the 13 dependent variables. 
There were four principle hypotheses tested for the model 
considering period effects. They were: 
1) The effect of period on the 13 dependent variables is 
zero. 
2) The interaction effect of disability and period on the 
13 dependent variables is zero. 
3) The interaction effect of morphology and period on the 
13 dependent variables is zero. 
4) The interaction effect of disability, morphology and 
period on the 13 dependent variables is zero. 
Table 5.D. shows whether the main and interaction effects 
are fixed or random. Although morphology and disability are 
between subjects factors period is not, therefore, the 
interaction effects with period were tested using the residual 
error (error b) mean square term in the denominator of the 
F-ratio. 
The main effects of disability and morphology and their 2-
way interaction effect were also included in the second model. 
The first model tested the global values of these effects. This 
model tested the period dependent values of these effects. 
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There were four secondary hypotheses that were tested for 
this model. They were: 
1) The effect of side on the 13 dependent variables is 
zero. 
2) The interaction effect of side and period on the 13 
dependent variables is zero. 
3) The interaction effect of side and disability on the 13 
dependent variables is zero. 
4) The interaction effect of side and morphology on the 13 
dependent variables is zero. 
The error term for testing side effects is the same as in 
model 1, the residual error term (error b). 
The statistical design for the period local model (model 2) 
is represented by the following equation. 
Yi,j,k,l,m,r = M' +«1 +Pj+«Pij+£(a)m(i j) +7k +ClYiJc +«PYij4c+^ l+«^ i,l 
+G(b)i,j,k,l,m,r 
i=l,2; j=l,2,3; k=l,2,3; 1=1,2; m=l,2,...10,(11); r=l,2,(3) 
m = subjects w/in disability r = replications within side 
where : 
=predicted value 
«i 
overall mean 
Pj 
«Pij 
= main effect of disability 
= main effect of morphology 
= interaction effect of disability and morphology 
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= subject within morphology and disability error 
term (error a) 
= main effect of period of locomotion 
= interaction effect of disability and period 
= interaction effect of morphology and period 
= interaction effect of disability, morphology 
and period 
= main effect of side 
= interaction effect of disability and side 
= interaction effect of morphology and side 
= interaction effect of period and side 
ij,K,i,m,r = overall error term (error b) 
As in model 1 this model applies to the 13 dependent 
variables. It is assumed that the predicted measurement is a 
linear function of the main effects, including side, interaction 
effects, and subject within Oj and Pj effects (error a). The 
terms in this model were not measured directly but estimated by 
the corresponding mean squares derived from the data. The 
general format of the analysis of variance (ANOVA) for the terms 
in this experimental design are summarized in Table 5.D. Type 
III sums of squares was implemented for model 2 and p-values for 
each source of variation are shown. The level of significance 
was placed at p < 0.05. 
Yk 
«Yi.k 
PYjJc 
aPYij.k 
Xi 
«^ i.i 
P^ j.i 
Y^ k.i 
7.4 
Table 5.D. ANOVA table for model 2 
Source of Variation (df) 
(SS) 
Sums of 
Squares 
(MS) 
Mean 
Souares 
F-Ratio Parameter 
Tvpe 
Corrected Tot Sbj w D*M 20 - - - -
D (disability) (1) SS(D) SS(D)/1 MS(D)/MS(Eg) Fixed 
M (morphology) (2) SS(M) SS(M)/2 MS(M)/MS(Eg) Random 
D*M (dis*morph) (2) SS(DM) SS(DM)/2 MS(DM)/MS(Eg) Random 
Subj w/ D*M (error a) (15) SS(Ea) SS(Ea)/15 
Corrected Total 245 _ _ 
P (period) 2 SS(P) SS(P)/2 MS(P)/MS(Eb) Fixed 
D*P (dis*period) 2 SS(DP) SS(DP)/2 MS(DP)/MS(Eb) Random 
M*P (morph*period) 4 SS (MP) SS(MP)/4 MS(MP)/MS(Eb) Random 
D*M*P 
(di s *mo rph *pe riod) 
4 SS(DMP) SS(DMP)/4 MS(DMP)/MS(Eb) Random 
S (side) 1 SS(S) SS(S)/I MS(S)/MS(Eb) Fixed 
P*S (period*side) 2 SS(PS) SS(PS)/2 MS(PS)/MS(Eb) Fixed 
D*S (dis*Side) 1 SS(DS) SS(DS)/2 MS(DS)/MS(Eb) Fixed 
M*S (morph*side) 2 SS(MS) SS(MS)/2 MS (MS)/MS(Eb) Random 
Residual Error 
(error b) 
207 SS(Eb) SS(Eb)/207 
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EXPERIMENTAL- PROCEDURE 
Subjects 
This research was approved by Iowa Methodist Medical Center 
and the Iowa State University Human Subjects Committee. All 
subjects in this research signed a Voluntary Informed Consent 
Form (VICF) indicating that they understand their role in this 
study as well as any possible risk and participate of their own 
volition. Disabled subjects were compensated for their 
participation. Appendix B.shows a copy of the VICF. 
Disabled subjects were chosen with certain restrictions. 
They had to be capable of propelling themselves in their own 
wheelchairs over a 25 foot distance within eight seconds. They 
could not have any physical condition such as scoliosis which 
would introduce a side effect bias. They could not be amputees, 
but no restrictions limiting the degree of muscle atrophy in the 
legs was imposed. Their reasons for being confined to a 
wheelchair were not of concern as long as they met the other 
requirements. No age restriction was placed on disabled or 
nondisabled subjects. Nondisabled subjects could not have any 
condition such as scoliosis. No other restrictions were placed 
on the nondisabled subjects. 
There was an attempt use an equal number of the three 
morphologies within the nondisabled subject group but no 
morphological "guidance" existed for the disabled subject group. 
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Data Acquisition 
The subjects first read the VICF then signed it before 
participation. The role of the subject was described to him or 
her then opportunity was given for them to ask questions. 
The subject's cushion, if any, was removed and replaced 
with the transducer grid. In the first trial for the subjects 
the bladder was alternately placed on the right and left sides. 
The test procedure was explained to the subject then the subject 
was given an opportunity to practice. The test setup is 
illustrated in Figure 6.A. 
IBM 
Photodectors 
Start 
HH 
start 
12 '  
Figure 6.A. Test setup. The wheelchair can start on the left 
start line or the right 
The data acquisition program was started and the grid and 
transducers prepared and calibrated before the subject arrived. 
The wheelchair's rear wheels were placed directly over the 
starting line. At the beginning of each trial the subject stood 
or performed a wheelchair pushup to relieve any loading on the 
bladders. A pressure map reading was taken then the subject sat 
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down and prepared to accelerate. The subject was asked to hold 
still at which point the data acquisition routine was started. 
The transducers were continually read while the subject settled 
down. Then the subject was given the conunand, "Ready, set, go", 
at which point the start button was depressed and dynamic data 
was acquired. The subject was instructed to perform smooth, 
methodical, yet brisk strokes as though he was travelling across 
an office to a printer or water fountain. If the subject 
performed a "wheelie", the data was retaken, as previous 
examinations showed that this introduced grid-wide pressure 
spikes. When the subject broke the first light beam a buzzer 
sounded on the wheelchair directing the subject to cease 
stroking and begin coasting. As the subject coasted through the 
second light beam the buzzer sounded again alerting the subject 
to brake by grasping the wheel rim, bringing the wheelchair to 
smooth stop. 
The computer checked the integrity of the data then saved 
it on floppy disk and incremented the sample number. Meanwhile 
the subject prepared for the next trial. This process was 
performed four or more times for each subject. 
Physical Data 
After the pressure data was acquired physical subject data 
was taken. Appendix C is a copy of the subject data form 
utilized. Six anthropometric measurements were taken with a 
standard Swiss Anthropometer. These measurements were taken 
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with the subjects sitting in the wheelchairs after their normal 
cushions were removed and replaced with the pneumatic transducer 
grid. Their shoes were not removed. 
Sitting eye height was measured from the seat reference 
point (SRP, intersection of the seat plane with the back plane) 
to the lateral canthus of the right eye. Lower leg length was 
the vertical distance from the floor to the top of the right 
patella when the foot was on the floor and the lower leg was in 
a vertical position. Upper leg length was the horizontal 
distance from the SRP to the forward most point of the right 
patella when the subject's foot was on the floor. Two subjects 
did not have removable foot rests so these two leg measurements 
were performed with respect to the the foot rest, as opposed to 
the floor. The top bony protuberance of the patellas on these 
two subjects were readily palpable and their heels were resting 
on the foot rests. Therefore, it was not felt that this greatly 
affected the lower leg length measurements. Thigh circumference 
was measured with a steel tape over the clothing at the point of 
maximum circumference of the right thigh. Hip breadth was the 
horizontal distance across the thighs at the level of the most 
superior point of the greater trochanter of the femur. These 
anthropometric parameters were adapted from NASA Reference 
Publication 1024. Seat pan angle and back pan angle were 
measured along the midline of the wheelchair with an 
inclinometer. 
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RESULTS AND DISCUSSION 
Introduction 
A description of the 13 dependent variables was provided in 
the chapter covering the experimental design. The dynamic 
status of the 13 variables is described first in this section. 
The results of the two F-test analyses is presented next. 
Finally, a correlation coefficient matrix for the 13 variables 
is discussed. Although significance has been defined when p < 
0.05, the level of significance is specifically stated for most 
of the tests discussed. 
Dynamic Behavior 
The means for each of the 13 dependent variables were 
tested with the Student t-test to determine their dynamic 
nature. The t-tests were 2-tailed and tested against zero. 
That is, the null hypothesis stated that the means of the 
dynamic variables are not different from zero. The t-tests are 
equivalent to paired t-tests where the null hypothesis states 
that the dynamic means are equal to the static means. Table 7.A 
shows the results of the t-tests. The abbreviations for the 
dynamic variables are defined in the experimental design 
chapter. The abbreviations for the static variables are as 
follows: static average pressure (SAVE), static peak or maximum 
pressure (SMAX), and static threshold area (SAT). Since the 
global model reflects the greatest extremes the corresponding 
data was utilized for this analysis. The sample size was 21. 
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The 2-tailed t-values are shown along with the 
corresponding p-values. In every case p ^  0.0001. Therefore, 
the 13 null hypotheses are rejected and the thirteen dependent 
variables did in fact behave in a dynamic fashion. 
Table 7.A. Dynamic analysis. The units for LAVE, HAVE, LMAX, 
HMAX, SAVE and SMAX are mmHg. The units for LAT, 
HAT and SAT are inches squared. The units for 
DLAVE, DHAVE, DLMAX, DHMAX, DLAT, DHAT and DCOP are 
inches. (See definition of variables, pp 55-56) 
Variable N 
Mean 
Difference Std Dev Std Err T Prob>lTl 
LAVE 21 -14 .36 5 .99 0 .661 -21 .71 0 .0001 
HAVE 21 15 .70 6 .89 0 .761 20 .61 0 .0001 
LMAX 21 -83 . 99 57, .05 6 .300 -13 .33 0 .0001 
HMAX 21 112 .57 87, .24 9, 634 11, .68 0, .0001 
LAT 21 -18, .43 13, .02 1, .438 —12, .81 0, .0001 
HAT 21 13, .68 8, 36 0, .923 14, .81 0, .0001 
DLAVE 21 0, . 66 0, 90 0, .099 6, .64 0, .0001 
DHAVE 21 0, .27 0. ,18 0, 020 13, ,11 0, 0001 
DLMAX 21 1, 71 2. ,85 0, 315 5, 43 0, 0001 
DHMAX 21 0, 52 0. ,89 0. ,098 5. ,30 0. ,0001 
DLAT 21 2. ,34 2. 34 0. 258 9. ,05 0. 0001 
DHAT 21 0. 68 0. 61 0. 067 10. 06 0. 0001 
DCOP 21 0. ,91 0. 90 0. 099 9. 20 0. 0001 
SAVE 21 37. 37 - - - -
SMAX 21 213. 48 - - - -
SAT 21 38. 82 - - - -
The static values are provided for reference. In the case 
of highest average pressure, the delta mean of 15.70 mmHg is 
significantly greater than zero, or, the absolute mean of 
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53.07 nunHg is significantly greater than the static average 
pressure of 37.37 nunHg. The lowest average pressure, and the 
largest and smallest peak pressures also significantly vary from 
the static average and peak pressures, respectively. The 
smallest threshold area of 20.39 in2 (20.39 - 38.82 = -18.43) is 
significantly smaller than the threshold area during the static 
condition. The largest threshold area is significantly larger 
than the static condition. The six distance variables for each 
of the six magnitude variables and the maximum shift in center 
of pressure (DCOP) vary significantly from zero. For example, 
the 0.52 inch shift in center of pressure, with respect to the 
static condition, for the time frame in which the largest peak 
pressure occurred (DHMAX) is significantly greater than zero. 
In summary, the magnitudes and the location of the six dependent 
pressure parameters and DCOP were not the same as the 
corresponding static condition. 
Intuitively, one would expect interface pressure between a 
user and his wheelchair to be dynamic when moving about. 
Dynamic behavior was defined as pressure values varying from the 
static condition. A threshold could be applied to the paired 
t-test. For example, dynamic behavior may be defined as 
pressure means varying by more than 10% of the corresponding 
static value. This would be useful to account for noise or 
natural deviations in static sitting pressure during a trial or 
between trials for the same subject. Now that the dynamic 
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nature of interface pressure has been established what factors 
affect it and does it mean anything? 
Global Model 
There were three main hypotheses and three secondary 
hypotheses or blocking effects tested in the global model. The 
main effects of disability, morphology and side and their 2-way 
interactions were examined. The parameters have been presented 
in groups: peak pressure, average pressure, threshold area, and 
maximum shift in center of pressure. 
Peak Pressure 
Table 7.B provides the p-value (for significant effects 
only) for the four variables concerning peak pressure. The 
shift with respect to the static condition in magnitude (mmHg) 
of the largest peak pressure was significantly influenced by 
disability. The max peak pressure for the disabled subjects was 
144.45 mmHg larger than the static peak pressure. This is 
significantly larger than the 79.1 mmHg increase experienced by 
the nondisabled group. 
Not only was the static peak pressure significantly greater 
for the disabled subjects but the dynamic peak pressure 
increased significantly more during the dynamic test conditions 
of this study. Figures 7.A and 7.B show plots of largest peak 
pressure for a disabled subject and a nondisabled subject, 
respectively. 
83 
Table 7.B. Peak pressure analyses, ns = not significant 
Largest Peak Pressure-Magnitude Smallest Peak Pressure--Magnitude 
Source of Variation Prob>IF1 Source of Variation Proh>IPI 
D (disability) 0.04 D (disability) ns 
M (morphology) ns M (morphology) ns 
D*M fdis*morph) ns D*M (dis*mnrph) ns 
S (side) 0.02 S (side) ns 
D*S (dis*Side) ns D*S (dis*Side) ns 
M*S (morph*side) 0.02 M*S (morph*side) ns 
Largest Peak Pressure-T,oration Smallest Peak Pressure--Location 
Source of Variation Prob>IF1 Source of Variation Prob^lFI 
D (disability) ns D (disability) ns 
M (morphology) ns M (morphology) ns 
D*M (dis*morph) ns D*M (dis*morph) ns 
S (side) ns S (side) ns 
D*S (dis*Side) ns D*S (dis*Side) ns 
M*S (morph*side) ns M*S (morph*side) ns 
The largest peak pressure change shown for the disabled 
subject was the greatest for all subjects in this study. The 
largest peak pressure for the nondisabled subject was more 
diffuse. The 2-D plot shows it was distributed over a larger 
area. 
The pressure gradient is much greater for the disabled 
subject. Since so much of the weight of the disabled subject 
was supported over such a small area, peak pressure changes may 
have been more sensitive to dynamic influences. The less weight 
on a bladder in the static condition the less there is to 
influence the pressure during the dynamic condition. 
Largest peak pressure was affected by side and side by 
morphology interaction. There was a significant difference in 
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Largest Global Average & 
Largest Global Maximum 
(Disabled) (Left Side) 
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Figure 7.A. Largest average and largest peak pressure plots-
disabled 
how much the maximum peak pressure varied from static based on 
which the side the grid was on. Some difficulty in maintaining 
pressure in some of the bladders during a few early trials may 
have introduced a side effects bias. This may also be a factor 
in the side by morphology interaction. For example, larger 
endomorphic subjects may have put more stress on the transducer 
grid as a whole and problem bladders specifically, exacerbating 
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Largest Global Maximum 
(Nondisabied) (Right Side) 
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Figure 7.B. Maximum peak pressure plot-nondisabled 
any leakage problems. In fact, some bladders were replaced 
throughout the study when they showed signs of excessive 
leakage. Since the subjects had no history of medical 
conditions such as scoliosis which would cause uneven sitting 
this can be ruled out as a cause for side effects. 
There were no influences of morphology, disability by 
morphology and disability by side interactions on largest peak 
pressure. 
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Smallest peak pressure varied significantly from the static 
value, however, none of the six effects in this model had any 
significant influence on that change. Figures 7.C and 7.D show 
2-D and 3-D pressure pattern plots of the time frames when the 
smallest peak pressure occurred for the same disabled and 
nondisabled subjects as before. The respective scales are the 
same as in Figures 7.A and 7.B to enable easier visual 
comparison of the plots. 
Smallest Global Maximum 
(Disabled) (Left Side) 
525 
Frontal Axis 
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2.25 0} 
2 c M T - o > o o < o i n c o c N j  o  
Frontal Axis (in.) 
Figure 7.C. Smallest peak pressure plot-disabled 
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The shift in the locations of the resultant pressure points 
for largest and smallest peak pressure was not influenced by any 
of the six effects tested. Table 7.A shows that what shifts did 
occur were significant but the F-tests of Table 7.B show that 
those shifts where not dependent on morphology, disability, 
side, or their two-way interactions. 
Smallest Global Maximum & 
Largest Center-of-Pressure Shift 
(Nondlsabled) (Right Side) 
Pressure 
(mmHg) 
% 
Frontal Axis " S2S 
(in.) 
12.75 
1425 !» S 
of Lateral Axis 
Frontal Axis (in.) 
Figure 7.D. Smallest peak pressure and maximum COP shift plots-
nondisabled 
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Average Pressure 
The four average pressure parameters are grouped together 
in this section and their ANOVA test results are presented in 
Table 7-.C. Unlike the largest peak pressure, the largest 
average pressure was not influenced by disability or any of the 
two-way disability interactions. The 13.61 itimHg change from the 
static condition for the disabled group was not significantly 
different from the 17.89 mmHg change from the static condition 
for the nondisabled group. The largest average pressure was 
significantly affected by side (p<0.0004) and by the side 
morphology interaction (p^O.05). This compares to the largest 
peak pressure. The causes may be the same that affected the 
largest peak pressure. 
The time frame when the largest average pressure occurred 
happened to be the same time frame when the largest peak 
pressure occurred. It is plotted in Figure 7.A for the disabled 
subject and Figure 7.E for the nondisabled subject. 
The smallest average pressure was affected only by 
disability (p<0.02). One would not expect the change in 
smallest average pressure to be an indicator of potential 
pressure sore problems. It may however be an indicator of 
relief from high pressure exposure. The smallest average 
pressure for the disabled group was 12.41 mmHg less than the 
static average of 39.33 mmHg. This was significantly less than 
the 16.41 mmHg decrease in the smallest average pressure from 
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Table 7.C. Average pressure analyses, ns = not significant 
Largest Average Pressure-Magnitude Smallest Average Pressure-Magnitude 
Source of Variation Proh^lP1 Source of Variation Prob^lFI 
D (disability) .ns D (disability) .02 
M (morphology) ns M (morphology) ns 
D*M (dis*morphl ns D*M (dis*morDh) ns 
S (side) .0004 S (side) ns 
D*S (dis*Side) ns D*S (dis*Side) ns 
M*S (morph*side) .05 M*S (morph*side) ns 
Largest Average Pressure -Location Smallest Average Pressure-Location 
Source of Variation Prob^lFI Source of Variation Prob>IFI 
D (disability) ns D (disability) ns 
M (morphology) ns M (morphology) ns 
D*M (dis*morphl ns D*M (dia*morDh) ns 
S (side) ns S (side) ns 
D*S (dis*Side) ns D*S (dis*Side) ns 
M*S (morph*side) ns M*S (morph*side) ns 
the static value of 35.32 mmHg for the nondisabled group. 
Even though the disabled group static average pressure was 
larger than the nondisabled group they had a smaller change in 
smallest average pressure. At first this may appear as being 
the exact opposite effect that one would want. It would be 
desirable for disabled individuals to benefit from pressure 
relief, albeit very transitive. However, the greater decrement 
in average pressure in the nondisabled group may be due to the 
nondisabled subjects stroking more vigorously when accelerating. 
This would lift them off the seat more resulting in a lower 
average pressure. Of course if a subject lifts off the seat 
more then the subject should fall harder onto the seat between 
strokes, causing a greater increase in the largest average 
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Figure 7.E. Largest average and largest threshold area plots-
nondisabled 
pressure. In fact, the largest average pressure for the 
nondisabled group was greater than the largest average pressure 
for the disabled group, although it was not statistically 
significant. Figures 7.F and 7.G show plots of the pressure 
patterns for those time frames where the average pressure was 
smallest for the disabled and nondisabled subjects, 
respectively. 
91 
Smallest Global Average 
(Disabled) (Left Side) 
Pressure 
(mttiHg) 
^2.75 Lateral Axis 
1425 ,:n \ 3^.75 sa 
Frontal Axis 
(in.) 
Frontal Axis (in.) 
Figure 7.F. Smallest average plot-disabled 
The shift in the locations of the resultant pressure points 
for largest and smallest average pressures was not influenced by 
any of the six effects tested. Table 7.A shows that what shifts 
did occur were significant but the F-tests of Table 7.C show 
that those shifts where not dependent on morphology, disability, 
side, or their two-way interactions. 
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Figure 7.G. Smallest average and smallest threshold area plots-
nondisabled 
Threshold Area 
The area, in square inches, where the pressure was greater 
than 35 mmHg was calculated. Several different minimum 
pressures where signs of decubitus ulcers occur have been 
published. The value of 35 mmHg was chosen as a conservative 
threshold. Above this value the risk of pressure sores 
increases. Table 7.D lists the results of the ANOVA tests for 
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Table 7.D. Threshold area analyses, ns = not significant 
Laraest". Threshold Area-Maonitude Smallest Threshold Area-Macrnitude 
Source of Variation Prob>IF1 Source of Variation Prob> I F I  
D (disability) .ns D (disability) .001 
M (morphology) ns M (morphology) ns 
D*M fdis*moroh) ns D*M fdis*morphl ns 
S (side) .ns S (side) ns 
D*S (dis*Side) ns D*S (dis*Side) ns 
M*S (inorph*side) .ns M*S (morph*side) ns 
Larçest Threshold Area-•Location Smallest Threshold Area-Location 
Source of Variation Prob>IPI Source of Variation ProbSIFI 
D (disability) ns D (disability) ns 
M (morphology) ns M (morphology) ns 
D*M fdis*morDh) ns D*M (dis*morphï ns 
S (side) .008 S (side) ns 
D*S (dis*Side) .03 D*S (dis*Side) ns 
M*S (morph*side) ns M*S (morph*side) ns 
the four area threshold variables. 
The threshold area for the disabled subjects during the 
static condition was 35.11 inz and increased a maximum of 
10.15 in2. The threshold area for the nondisabled subjects 
during the static condition was 42.73 in2 and increased a 
maximum of 17.41 in?. These increases are not statistically 
different. The influence of the other five treatments in this 
model also had no significant effect on maximum change in 
threshold area. The pressure plot of the largest area threshold 
for the disabled subject is shown in Figure 7.H. The largest 
threshold area for the nondisabled subject occurred in the same 
time frame as the largest average pressure and is shown in 
Figure 7.E. 
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Figure 7.H, Largest threshold area plot-disabled 
The smallest threshold area for the disabled subjects was 
24.37 in2, 10.74 in2 less than the static condition. The 
smallest threshold area for the nondisabled subjects was 
16.20 in2, 26.52 inz less than the static condition. These 
changes in the smallest threshold area between the disabled and 
nondisabled subjects are significantly different (p<0.001). The 
nondisabled subjects started out (static condition) with a 
larger area above 35 mmHg but had a smaller minimum area 
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threshold. As with the smallest average pressure parameter, the 
characteristics of the nondisabled subjects' wheel stroking 
during acceleration may account for the difference in smallest 
threshold area. The absolute largest area threshold of 
60.13 in2 for the nondisabled subjects was greater than the 
45.25 in2 for the disabled subjects, supporting this premise. 
The smallest threshold area plot for the disabled subject 
is shown in Figure 7.1. The smallest threshold area plot for 
the nondisabled subject occurred in the same time frame as the 
smallest average area, and is shown in Figure 7.G. Side, 
morphology, and their interaction effects, including disability, 
had no significant effect on the smallest threshold area. 
The location of the largest threshold area was 
significantly affected by side and the side by disability 
interaction. No other factors affected the location of the 
largest threshold area. 
The location of the smallest threshold area was not 
affected by any of the six factors tested. This is not 
surprising since many trials had zero area above 35 mmHg. By 
definition there was no shift with respect to the static 
condition in its location. 
Shift in Center ûf. Pressure 
The time when the shift in location of the largest average 
pressure occurred was not necessarily the time that the largest 
shift in center of pressure occurred. Consequently, maximum 
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Figure 7.1. Smallest threshold area and DCOP plots-disabled 
shift in center of pressure (COP) was assessed. Table 7.E 
gives the results of the ANOVA test for COP, None of the six 
factors tested had an influence on the maximum shift in center 
of pressure. The shift in COP was significantly different from 
zero, however, disability, morphology, side and their 
interactions had no effect on it. 
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Table 7.E. Center of pressure analysis 
Maximum Shift in Center of Pressure 
Source of Variation Proh>IFI 
D (disability) 
M (morphology) 
D*M fdis*morph) 
S (side) 
ns 
ns 
Jia. 
ns 
ns 
ns 
D*S (dis*Side) 
M*S (morph*side) 
The maximum shift in center of pressure for the disabled 
subject example occurred at the same time as the smallest 
threshold area and its plot is shown in Figure 7.1. The maximum 
shift in COP for the nondisabled subject occurred at the same 
time as the smallest peak pressure and is shown in Figure 7.D. 
There was no effect at all of the main effect of morphology 
on any of the 13 variables examined. Preliminary tests 
indicated that there was no effect of disability by morphology 
on any of the variables as well. The subjective method of 
categorizing the subjects' morphologies may be a factor. The 
diametric morphological influences mentioned in the experimental 
design chapter may also have an influence on the dependent 
variables. 
Since the gluteal and thigh muscles of the nondisabled 
subjects were not atrophied there was no reason to expect any 
differences in the pressure characteristics. However, the 
nondisabled subjects were subject to muscular atrophy. If all 
the disabled subjects experienced muscular atrophy to the same 
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degree then those who were already thinner or had more 
pronounced tuberosities should have greater peak pressures. 
Some of the disabled subjects had atrophied gluteal and thigh 
muscles but it didn't necessarily occur on just one type of 
morphology. One very large subject appeared to have little 
atrophy even 10 months post injury. A muscular female subject 
who was 10 years post injury showed a relatively great deal of 
atrophy. A skinny subject, 1 1/2 months post injury, appeared to 
have only a relatively modest degree of atrophy. 
Disability did have an effect on some variables, therefore, 
one must be careful in drawing inferences about the disabled 
population when nondisabled subjects are used. If the variables 
are important, that is, if they have demonstrated usefulness in 
predicting pressure sore propensity or some other important 
condition, or if they intuitively have promise to do this then 
the disability status of the subjects (or any significant 
factor) are even more critical. There were variables such as 
smallest average pressure and smallest threshold area that were 
affected by one or more factors (specifically disability) but 
don't appear to have any intrinsic benefit in the identification 
of at-risk patients or would not be useful for enhancing cushion 
design. The suitability of the 13 dynamic variables in 
contributing to improved cushion design or in identifying 
patients who have a high risk of developing pressure sores are 
discussed at the end of this chapter. 
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Period Local Model 
There were four main hypotheses and four secondary 
hypotheses or blocking effects tested in the global model. The 
main effects of period, disability, morphology and side and 
their 2-way interactions were examined. The parameters have 
been presented in groups; peak pressure, average pressure, 
threshold area, and maximum shift in center of pressure. 
The effects of disability, morphology and disability by 
morphology were examined in a separate F-test although they are 
not included in any of the following tables. Rather, their 
corroboration, of lack of, with the first model's results are 
presented. 
Peak Pressure 
Table 7.F provides the p-value (for significant effects 
only) for the four variables concerning peak pressure. 
The largest peak pressure is significantly influenced by 
period. The data shows that global peak pressure magnitude 
occurs most often during acceleration and that the effect is 
significant. There were no significant interaction effects 
involving period with the other two principal effects, however 
the blocking effects of side and morphology by side were 
significant. This is to be expected since the same effects were 
significant in the global model which is imbedded in the period 
local model. There was no influence of the main effect of 
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disability in the period model as there was with the global 
model. 
Table 7.F. Peak pressure analysis, ns = not significant 
Largest Peak Pressure-Macrnitnde Largest Peak Pressure-Location 
Source of Variation ProhZIFI Source of Variation Proh^lFI 
P (period) 0.0003 P (period) ns 
D*P (dis*period) ns D*P (dis*period) ns 
M*P (inorph*period) ns M*P (niorph*period) ns 
D*M*P (dis*morph*per) ns D*M*P (dis*morph*per) ns 
S (side) 0.003 S (side) 0.01 
P*S (period*side) ns P*S (period*side) ns 
D*S (dis*Side) ns D*S (dis*Side) .0008 
M*S (morph*side) 0.0006 M*S (morph*side) ns 
Smallest Peak Pressure-Magnitude Smallest Peak Pressure--Location 
Source of Variation ProbSIFI Source of Variation Prob>lFI 
P (period) 0.0001 P (period) 0.0011 
D*P (dis*period) ns D*P (dis*period) .0001 
M*P•(morph*period) ns M*P (morph*period) ns 
D*M*P fdis*morph*per) ns D*M*P fdis*morph*Der) n.<3 
S (side) ns S (side) ns 
P*S (period*side) ns P*S (period*side) ns 
D*S (dis*Side) ns D*S (dis*Side) ns 
M*S (morph*side) ns M*S (morph*side) ns 
The smallest peak pressure is only affected by period in 
this model. The global smallest peak pressure occurred more 
often in period one (acceleration) than in period two (coasting) 
or three (deceleration). Therefore, significant results can be 
expected in the period model. The results for side, disability, 
and morphology are similar to the global model in that they had 
no effect on the smallest peak pressure magnitude. 
The location of the largest peak pressure was not 
influenced by period or any of its interactions. It was, 
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however, affected by the blocking effects of side and disability 
by side. This is in contrast to the global model. 
The location of the smallest peak pressure was affected by 
period and period by disability interaction. The acceleration 
period had a larger shift in smallest peak pressure with respect 
to the static condition than the other locomotion phases. The 
consequences of stroking the wheel during acceleration (eg. 
partially lifting oneself off the seat and then dropping) 
apparently had a greater effect on shifting the location of the 
smallest peak pressure, as well as the other variables affected 
by period, than did coasting or the consequences of deceleration 
(eg. being pulled into the seat pan by grabbing the wheel). 
There were no blocking effects involving side. 
Average Pressure 
The four dependent variables associated with average 
pressure were examined and the results are given in Table 7.1. 
The largest average pressure was significantly affected by 
period of locomotion. The acceleration period had a greater 
largest average pressure than the other two locomotion periods. 
There were significant blocking effects involving side and 
period by side interaction. This is in contrast to the global 
model which was not influenced by side. 
The smallest average pressure was also significantly 
affected by period. In the global model the smallest average 
pressure most often occurred during acceleration. There was 
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also a significant effect of disability by period. This may be 
attributable to the nondisabled subjects having more vigorous 
stroking when accelerating, thereby lifting themselves off the 
seat more resulting in a smaller average pressure. There were 
no side or side interaction blocking effects. 
Table 7.G. Average pressure analysis, ns = not significant 
Largest Average Pressure-Magnitude Smallest Average Pressure-Magnitude 
Source of Variation Prob>IFI Source of Variation Proh>IFI 
P (period) 0.0001 P (period) 0.0001 
D*P (dis*period) ns D*P (dis*period) 0.003 
M*P (morph*period) ns M*P (morph*period) ns 
D*M*P fdis*morph*per) ns D*M*P fdis*morph*per) ns 
S (side) 0.002 S (side) ns 
P*S (period*side) 0.03 P*S (period*side) ns 
D*S (dis*Side) ns D*S (dis*Side) ns 
M*S (morph*side) ns M*S (morph*side) ns 
Largest Average Pressure -Location Smallest Average Pressure-Location 
Source of Variation Prob>IFI Source of Variation Prob>IFI 
P (period) ns P (period) 0.0001 
D*P (dis*period) ns D*P (dis*period) 0.004 
M*P (niorph*period) ns M*P (morph*period) ns 
D*M*P (dis*morph*per) 0.02 D*M*P fdis*moroh*oer) 0.0001 
S (side) 0.05 S (side) ns 
P*S (period*side) ns P*S (period*side) ns 
D*S (dis*Side) ns D*S (dis*Side) ns 
M*S (morph*side) 0.04 M*S (morph*side) ns 
The location of the largest average pressure was not 
affected by period or its two way interactions. It essentially 
had the same location from one period to the next. However, 
there was an effect (p<0.02) of the 3-way interaction involving 
disability by morphology by period. Side and disability by side 
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affected the location of the largest average pressure. This was 
not the case for the global model. 
The location of the smallest average pressure was 
influenced by period, disability by period, and disability by 
morphology by period. The location of the smallest average 
pressure may vary for the same reasons that location of the 
smallest peak pressure varied. In synchrony with the location 
of the smallest peak pressure there were no significant blocking 
effects on the location of the smallest average pressure. 
There were no influences of the main effects of disability 
and morphology or of the interaction effect of disability by 
morphology on any of the four average pressure variables. 
Table 7.H. Threshold area analysis, ns = not significant 
Largest Threshold Area-Magnitude 
Source of Variation 
P (period) 
D*P (dis*period) 
M*P (niorph*period) 
D*M*P <dis*rnorph*per) 
S (side) 
P*S (period*side) 
D*S (dis*Side) 
M*S (niorph*side) 
P r o b > I F I  
0 .001 
ns 
ns 
OS. 
ns 
ns 
ns 
ns 
Largest Threshold Area--Location 
Source of Variation Prob>IF 
P (period) ns 
D*P (dis*period) ns 
M*P (morph*period) 0 .003 
D*M*P fdis*morph*Der) 0.0009 
S (side) 0.0001 
P*S (period*side) ns 
D*S (dis*Side) 0.007 
M*S (morph*side) ns 
Smallest Threshold Area-Magnitude 
-Of. .ZcobZJ 
P (period) 0.0001 
D*P (dis*period) 0.0001 
M*P (morph*period) 0.0007 
D*M*P fdis*morph*Der) ns 
S (side) ns 
P*S (period*side) ns 
D*S (dis*Side) ns 
M*S (morph*side) ns 
Smallest Threshold Area-Location 
Source of Variation Prob>IPI 
P (period) 0.0001 
D*P (dis*period) ns 
M*P (morph*period) ns 
D*M*P fdis*morph*Der) ns 
S (side) ns 
P*S (period*side) ns 
D*S (dis*Side) ns 
M*S (morph*side) ns 
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Threshold Area. 
Table 7.1 shows the results of the ANOVA for the four 
threshold area variables. The largest threshold area is 
significantly affected only by the main effect of period. This 
compares to the global model results. The acceleration period 
had a greater largest threshold than the other two periods. The 
effect of sinking into the seat during deceleration was not as 
great as the effect of ^dropping' onto the seat immediately 
after a wheel stroke during the acceleration period. 
The smallest threshold area was affected by period, 
disability by period, and morphology by period. Again, the 
acceleration period contained the smallest threshold area. As 
described in the global model discussion, the smallest threshold 
area would not be an indicator of pressure sore problems rather 
an indicator of relief from high pressure. There may be an 
influence in disability by period because of the difference in 
the way the nondisabled subjects stroked the wheelchair wheel 
compared to the disabled subjects. The area in which the body 
weight of a larger (endomorphic) subject is distributed would be 
larger than a skinny subject. Therefore, a morphology by period 
interaction may be introduced. In fact, there was a significant 
morphology effect on smallest threshold area using the period 
local model. This was the only variable affected by morphology 
in either model. There was a significant disability effect as 
well. There were no blocking effects. 
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The location of the largest threshold area was not affected 
by period but it was by the 2-way interaction of morphology by 
period and the 3-way interaction of disability by morphology by 
period. It is not readily apparent what the basis of these 
effects is. There were significant blocking effects of side and 
disability by side. 
The location of smallest threshold area was significantly 
affected by period. The location of the threshold area was 
closest to the- static threshold area location during 
acceleration as compared to the other two periods. At first one 
may expect the coasting phase to contain the smallest shift in 
location of the threshold area since practically no change in 
force exists on the wheelchair during the coasting phase, as 
with the static condition. But the action of partially lifting 
oneself off of the sitting surface during acceleration often 
results in not a single bladder experiencing a pressure above 
35 mmHg. By definition, this threshold area of zero square 
inches has a shift in location of zero with respect to the 
static condition. There were no blocking effects for this 
variable. The location of the smallest threshold area and when 
it occurs probably holds little promise in its usefulness in 
predicting at risk patients. It may simply be an indicator of 
relief from pressure. 
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Shift in. Center q£. Pressure 
The maximum shift in center of pressure (COP) was examined. 
Table-7.I shows the ANOVA results. Period had a significant 
effect on COP. The greatest global shift in COP occurred most 
often during acceleration, therefore, the period local model 
showed a period effect. The 2-way interaction of morphology by 
period and the 3-way interaction of disability by morphology by 
period significantly affected the maximum shift in COP. The 
blocking effect of side was also significant. 
Table 7.1. Center of pressure analysis. ns=not significant 
Maximum Shift in Center of Pressure 
Source of Variation 
P (period) 
D*P (dis*period) 
M*P (morph*period) 
D*M*P (dis*morph*per) 
S (side)0.002 
P*S (period*side) 
D*S (dis*Side) 
M*S (morph*side) 
Prob>IFI 
0.0001 
0.003 
ns 
0.0001 
ns 
ns 
ns 
The period local model does not contain any additional 
parameters describing the behavior of or influences on the 
interface pressure other than revealing that the extremes of the 
13 variables occurred mostly during the acceleration phase. 
Therefore, future studies examining pressure characteristic 
extremes would not necessarily have to break the trial into 
various phases of locomotion as the period local model did. 
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Further Discussion 
Since so many of the dependent variables were affected by 
period a further discussion on this is warranted. Figures 7.J 
and 7.K, respectively, show the pressure versus time for select 
transducers for the same disabled and nondisabled subject data 
previously plotted. The dynamic nature of the data is visibly 
evident. The pressure curve during the acceleration phase is 
clearly the most dynamic. It is directly evident that variables 
such as smallest and largest peak pressures occurred during 
acceleration. Since most transducers were in synchrony then one 
can see that the average pressure extremes and the threshold 
area extremes also occurred in the acceleration phase. The 
number of strokes the subject performed before coasting can 
easily be determined by counting the number of pseudo-sinusoidal 
cycles. 
The coast phase is clearly marked by the relatively flat 
center portion of the curves. The deceleration phases are 
evidenced by their deviation from a flat curve near the end of 
the trials. 
Closer examination reveals that the time/pressure curves 
are not always in synchrony with each other, particularly in the 
case of the disabled subject. Figure 7.L shows a comparative 
plot of pressure versus time for four critical transducers (#33, 
#34, #38, #43). The relative locations of the corresponding 
four air bladders on the measurement grid are shown beneath this 
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plot. These four bladders supported more weight than any other 
four. 
The very first pressure value in each plot is the static 
value. The center transducer is #38. As the subject 
accelerated some body weight was supported by the arms, thereby, 
reducing the amount of pressure on the bladders. This is 
evident in transducer #38. The pressure curve declines 
immediately after the static condition. During deceleration the 
subject's weight shifted rearward to transducer #43 as 
demonstrated by the initial increase in pressure. Also the 
pressure in transducers #33 and #34 decreased, corroborating 
this conclusion. The pressure curve of #43 is essentially 180° 
out of phase with transducers #33 and #34. 
The four cycles in the acceleration period indicate four 
strokes were performed before coasting. The curve during 
coasting is flatter than other parts of the curve and 
essentially the same value as the static condition. 
The shift in the subject's weight during deceleration was 
the exact opposite of the shift during the accelerating portion 
of a wheelchair stroke. During deceleration pressure increased 
in transducers #33 and #34 and decreased in transducer #43. 
This indicates the subjects weight shifted forward. The 
pressure in transducers #33 and #34 were greatest during 
deceleration but were not as high as the maximum acceleration of 
other transducers such as #38. 
109 
S5?S 
SO*; 
ianiww 
-450 
-400 
-350 g 
-300 i 
-250 E 
-200 o 
-150 b 
•100 S 
•50 u o.. 
# 
.33^  Transducer • 
%| 
i 
Figure 7.J. Time/pressure plot (3-D)-disabled subject 
110 
Trans duc «r* Time (s) 
Figure 7.K. Time/pressure plot (3-D)-nondisabled subject 
Ill 
ai 
I
1 
S 1 
.450 
300 
150-
f 
E 
g 
E 
E 
8 
300-
150-
A  \  A  A /KN/M / i  ^ #38 
:  V  \ i  V  ^  
q 
n 
#43 
#34 / 
#33 
200. 
_150. 
f I 100. 
(D 
i 
CL 
50. 
0 
Accelerate Coast Decelerate 
33 
38 
43 
T T 
34 
- 6 
4.5 
- 3 
1.5 
6 4.5 3 1.5 
Y axis 
Figure 7.L. Time pressure plot comparison (2-D)-disabled 
112 
Consequently, the global pressure extremes tend to occur during 
the acceleration phase. 
Comparison of these individual plots demonstrates that the 
magnitude and the location of pressure can change in the dynamic 
environment. Although all subjects may not have exhibited this 
type of pressure behavior a given individual may, warranting an 
individual approach to dynamic pressure analysis. 
The 13 variables, although shown to behave dynamically, do 
not all necessarily show promise in the clinical setting or in 
the improved design of wheelchair cushions. Peak pressure is 
one of the most common pressure characteristics investigated in 
static pressure studies. Specifically, peak pressure under the 
ischial tuberosities is one the most popular indicators of 
pressure sore propensity. Consequently, maximum peak pressure 
in the dynamic environment holds the most potential of the 13 
variables. Smallest peak pressure may be useful in showing 
relief from high pressures. If the relief from high pressures 
lasts long enough or occurs often enough it may be an indicator 
of renewed blood flow into the tissue. However, as Patterson 
and Fisher (1980) conjecture, rapid oscillations or changes in 
pressure may increase shear and friction in the tissues 
contributing to worse blood perfusion and increased tissue 
damage. In this case the deviations from the static peak 
pressure could be indicators of worse pressure exposure rather 
than relief from pressure. 
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High average pressure is not necessarily an indicator of 
pressure sore problems. One can be exposed to extremely high 
hydrostatic pressure, such as in scuba diving, and suffer no 
pressure sore problems. Rather, a decrease in average pressure 
is an indicator of general relief from pressure, possibly 
contributing to vascular infusion of blood, which is the purpose 
of a disabled individual performing a wheelchair pushup. 
Minimum average pressure provides information on relief from 
pressure, not maximum average pressure. Therefore, location of 
maximum average pressure may not be as useful as other 
variables. The location of minimum average pressure would not 
be as useful as its magnitude since it does not indicate what 
degree of pressure relief occurs. 
The maximum threshold area may have good potential as a 
predictor of pressure sore problems. If the entire sitting area 
happens to be greater than 35 mmHg this does not necessarily 
indicate an undesirable condition as it may be similar to 
hydrostatic pressure. Rather it may indicate the amount of 
surface area of skin subject to high pressure gradients. 
Pressure gradient will be discussed in the recommendations 
section. The minimum threshold area is an indicator of relief 
from pressure, similar to minimum average pressure. Threshold 
area variables behaved dynamically but only smallest threshold 
area magnitude was influenced by disability in the global model. 
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Maximum shift in center of pressure did not indicate a high 
pressure spot existed but may have potential in designing 
cushions. The long term stability and retention of shape may be 
affected when the overall pressure shifts as opposed to static 
application of pressure. Minns et al. (1984) found that the 
resultant pressure shifted forward when the legs hung without 
support, although no consequences of this effect were discussed. 
Combining these two effects could have important consequences on 
the proper support of the thighs and buttocks when propelling 
oneself about. 
The dynamic pressure characteristics revealed in this study 
which show relief from high pressures or increased high 
pressures may not have the consequences that are most obvious. 
For example, a pressure parameter such as maximum peak pressure 
may show a marked decrease at some point in a trial. One might 
conclude that this is desirable but the decrease in pressure 
lasts a very short time, possibly too short for blood and 
interstitial fluid to infuse the "hot spot". Conversely, one 
might conclude that the times where pressure increases, with 
respect to the static condition, are not good. But these 
increases occur over a very small duration which may have little 
effect on forcing vital blood and interstitial fluid out of the 
at-risk tissue. 
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CONCLUSIONS 
The health consequences, extreme discomfort, and 
potentially fatal complications of decubitus ulcers provide the 
impetus for investigation into and expanding the understanding 
of the underlying causes of pressures sores including the 
behavior or nature of the patient seat interface. Previous 
studies examining certain static seat interface pressure 
characteristics have led to (1) a greater understanding of the 
factors that influence seat interface pressure (2) better 
designs of cushions and (3) creation of clinical tools to help 
determine if a patient is "at risk". The creation of unique 
instrumentation has enabled the investigation of a variety of 
pressure characteristics in the dynamic environment. These 
dynamic qualities of interface pressure may lead to enhanced 
design of seat cushions and clinical instrumentation. The 
dynamic nature of interface pressure and the factors which 
influence it must be discovered before examination of dynamic 
pressure's relationship to decubitus ulcer severity, occurrence, 
and prevention can begin. This research has begun this 
discovery process. 
The heart of the transduction method employed in this study 
was the miniature piezoresistive pressure transducer. Used in 
conjunction with a matrix of pneumatic bladders, human-to-seat 
interface pressure in the dynamic environment was measured. The 
grid and data acquisition system were designed to be mobile, 
light weight, and relatively easy to use, making evolution into 
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a clinical tool easier if future research indicates such a 
clinical tool is justified. Safety of the hardware system and 
experimental procedure was paramount, and this included 
qualified assistance for transferring in to and out of the 
wheelchairs. 
In retrospect the entire hardware system performed well. 
It was relatively inexpensive and provided an acceptable quality 
and quantity of data. 
Thirteen characteristics of interface pressure were 
examined. They included extremes of peak pressure, average 
pressure, area where pressure was greater than 35 mmHg, and 
center-of-pressure. Some of these characteristics had been 
investigated in the static environment and shown importance in 
the identification of patients at-risk for pressure sores, while 
others were unique to the dynamic environment. The dynamic 
nature of the thirteen variables was determined by comparing 
them to the corresponding static variables. All thirteen 
variables showed a shift of greater than zero from the static 
condition, demonstrating their dynamic nature. 
The three treatments disability, morphology and period of 
locomotion and some of their select interactions had a variety 
of influences on the 13 dependent variables. The majority of 
the 13 variables were influenced by period and occurred during 
the acceleration phase. Consequently, the global model, which 
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is a subset of the period local model, contains the majority of 
the important information. 
The factors of morphology and morphology by disability had 
very little influence on any of the 13 variables. This may have 
been due to varying degrees of muscular atrophy, the subjective 
nature of classifying individuals, or differences in the way the 
subjects propelled themselves. Morphology had no significant 
effect but perhaps degree of atrophy would. 
Disability did have an effect on some variables, therefore, 
one must be careful in drawing inferences about the disabled 
population when nondisabled subjects are used. 
Examining each of the 13 variables closer the following 
conclusions can be made. All magnitude and location variables 
except the three location variables of largest peak pressure, 
largest average pressure and largest threshold area were 
affected by period. 
Maximum peak pressure in the dynamic environment was 
influenced by period and disability and exhibited a dynamic 
nature. Its location was not dynamic; therefore, there is no 
potential contribution of this variable to improved cushion 
design or as a predictor of pressure sores. 
The location and magnitude of largest average pressure 
behaved dynamically but were not dependent on disability or 
morphology. The magnitude of the smallest average pressure was 
influenced by disability, however its location was not. 
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Threshold area variables behaved dynamically but only 
smallest threshold area magnitude was influenced by disability 
in the global model. Threshold area or hybrids of threshold 
area may have potential for future studies. 
Maximum shift in center of pressure was not affected by the 
main effects of morphology or disability. 
The pressure parameters investigated in this study are 
dynamic and may help improve blood perfusion into tissues or, as 
Patterson and Fisher (1980) and Fisher and Patterson (1983) 
conjecture, short oscillations in pressure may represent 
movement-induced shearing of the tissue which would increase the 
risk of pressure sores through decreased blood perfusion or 
mechanical damage of tissue. An investigation correlating shear 
with the dynamic pressure behavior would be in order, or more 
directly related to pressure sores, and therefore more useful, 
would be a study correlating blood perfusion to the dynamic 
pressure. 
RECOMMENDATIONS 
Based on this study the following recommendations seem 
tenable. The pneumatic bladder grid conceptually is appropriate 
for measuring dynamic pressure data, however there are a few 
operational shortcomings. The thickness of the bladder was 
necessary to prevent bottoming out due to the compressible 
medium. Also, because of the relatively low viscosity of air, 
leakage reduction was emphasized in the design and construction 
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of the bladders. A grid utilizing a viscous liquid as a medium 
of pressure transmission could be built much thinner, improving 
conformity of the grid to the seat surface and reducing leakage 
problems. A denser fluid would transmit the pressure wave 
faster, increasing the frequency response. The grid could be 
formed from two or three layers of plastic by heat pressing them 
leaving behind chambers which could be filled with a relatively 
viscous liquid. The active portion of the piezoresistive 
pressure sensors is very small and could be imbedded in the 
bottom layer of the pressure cells. The electrical connections 
and multiplexing could also be incorporated into the grid. A 
grid to cover the entire sitting surface would eliminate side 
and side interaction blocking effects. 
Extremely thin ultrasonic transducers could be constructed 
utilizing piezoelectric film such as Kynar™. Several of these 
transducers could be placed on the top surface of select 
pressure transducer cells to measure the degree of blood flow 
occlusion directly above the cell. They could also be placed on 
the lower surface of the transducer cells to provide information 
on the compression or distention of some wheelchair cushions. 
The photo-transmission/reflective technology such as ear 
oxymetry could be modified and utilized in assessing the 
relative degree of blood flow beneath the skin. 
Since the acceleration phase contains the most dynamic data 
the other phases need not be included. Future studies 
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investigating dynamic pressure could be restricted to 
acceleration or maintenance of steady speed. Therefore, a 
period local model would not apply. Emphasis could be placed on 
global values. There was an inherent delay between the time the 
wheelchair buzzer sounded and the time the subject reacted. 
Since the computer did not delay in its reading of the photo 
detector yet the subject did a small error was introduced. This 
error would not exist if only one phase of locomotion was 
studied. 
Pressure gradient was not examined in this study but it has 
been in some static studies. A high pressure gradient would 
necessarily induce shear stresses in the tissue, and shear 
stress has shown to be a factor in the occurrence and severity 
of pressure sores. An understanding of the dynamic nature of 
pressure gradient magnitude and its area of coverage may be 
beneficial in designing cushions and predicting pressure sore 
problems. The 3-D and 2-D plots from the disabled subject show 
he had a large shear pressure. Variables such as minimum 
threshold area may also be an indicator of relief from high 
pressure gradients. Some variables that were not significantly 
affected or hold little potential as pressure sore predictors 
could be eliminated from further investigation. 
Since exposure time to pressure is also important in 
pressure sore prediction then the area under the pressure curve 
could be examined. This would provide information on the dosage 
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of pressure risk on the patient. Therefore, a large spike in 
pressure may not result in as much pressure dosage as a moderate 
pressure applied over a longer period of time. 
A three-dimensional analysis of the dynamic nature of the 
most common wheelchair seat cushions would be possible if an 
improved version of the transducer matrix, as described above, 
were created. Damping ratio, frequency attenuation, and other 
dynamic characteristics of cushions could be studied leading to 
improved designs. 
Morphology, per se, probably is not appropriate for further 
evaluation since irrespective of a person's current weight or 
percent body fat one's morphology classification never changes. 
Body build, as objectively described by Garber and Krouskop 
(1982), or some objectively defined state of buttock atrophy or 
gluteal flaccidity would be more appropriate for future 
examination of factors affecting dynamic pressure distribution. 
Finally, the disabled subjects should be limited to 8 
months post injury or more. This would permit transients in 
muscular atrophy to stabilize and upper body strength to 
increase, improving wheelchair transfer procedures. 
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APPENDIX A 
BASIC LANGUAGE SOFTWARE 
A. Keithley 570 Calibration 
The following "Quick Basic" program facilitated calibration 
of the Keithley 570 data acquisition hardware. Its use was 
required any time the Keithley 570 unit was reinstalled into the 
system after others used it. 
CALIBR: CLEAR, ,1000 'CLEAR ALL VARIABLES AND SET STACK TO 1000 BYTES 
CLS 
CHAN=0 
LOCATE 12, 10: PRINT "CONNECT lOVDC SUPPLY AND DVM TO DESIRED ANALOG 
CHANNEL." 
LOCATE 14,10:INPUT "ENTER ANALOG CHANNEL # <0>";CHAN 
ENTERGAIN: GAIN=1 
LOCATE 15, 10: INPUT "ENTER DESIRED GLOBAL GAIN <1>";GAIN 
IF ((GAIN =1)OR(GAIN=0)) THEN GAIN =0 
ELSEIF (GAIN =10) THEN GAIN =3 
ELSE 
BEEP : BEEP 
GOTO ENTERGAIN 
END IF 
CLS 
PRINT "CHANNEL = CHAN: PRINT "GAIN = "; GAIN 
DEF SEG = &HCFF8 'DEFINE MEMORY STARTING LOCATION 
POKE 1, 6: POKE 10, CHAN: POKE 26, GAIN 'CHOOSE SLOT 6, ANALOG 
CHAN, GLOBAL GAIN 
Q$ = "" 
LOCATE 10, 10: PRINT "TEST VOLTAGE= VOLTS" 
PRINT : LOCATE 20, 10: PRINT "PRESS <SPACE> TO RESTART" 
LOCATE 12, 10: PRINT "COUNTS =" 
TEST: POKE 8, 45: POKE 24, 0 'START A/D CONVERSION 
HIGH = PEEK(3) - 240: LOW = PEEK(2) 
VOLTS = 10 * ((256 * HIGH + LOW) / 4095) 'IN VOLTS 
COUNTS = 256 * HIGH + LOW 
LOCATE 10, 24: PRINT USING "##.#### VOLTS 
LOCATE 12, 19: PRINT USING "####"; COUNTS 
Q$ = INKEY$ 
IF Q$ = "" THEN GOTO TEST 
IF Q$=" " THEN GOTO CALIBR 
END 
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B. Data Acquisition Algorithm 
This "Quick Basic" routine performed all of the data 
acquisition tasks for this study. It is written in modules and 
menu driven for simplification and ease of use. It saves the 
data to disk and contains several monitoring modules to assess 
the state of the transducer grid. Utility routines are also 
included to aid in setting up the hardware. 
I******************************************************************** 
' This program acquires data 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
'Initialize variables. 
TOP: 
ON ERROR GOTO ERRTRAP 'SAFEGUARD AGAINST ERRORS (i.e., overflow) 
DIM PRESS(50, 81), HIGH(50, 81), LOW(50, 81),MAP(50), PERIOD(81), 
BADCELL(50),OFFSET(50) 'DIMENSION DATA ARRAYS 
OFFSET(50)=.06 
TRSH =0 
YY=1 
CLS 
CLOSE 'CLOSE ANY OPEN FILES 
PRINT "PUT DATA DISK INTO DRIVE A:" 
PRINT "PRESS ANY KEY TO CONTINUE" 
Q$ = "" 
WHILE Q$ = "": Q$ = INKEY$: WEND 
MAINMENU: 
CLS 
PRINT : PRINT "ENTER YOUR CHOICE" 
PRINT : PRINT "1) VERIFY KEITHLEY SETTINGS." 
PRINT "2) ENTER SAMPLE ID." 
PRINT "3) CREATE A CALIBRATION MAP." 
PRINT "4) TAKE A SAMPLE." 
PRINT "5) TEST INDIVIDUAL PNEUMATIC CELLS." 
PRINT "6) GOTO ACQUISITION SUB MENU." 
PRINT "7) SET CALIBRATION THRESHOLD." 
PRINT "8) TEST ELECTRIC EYES." 
PRINT "9) QUIT PROGRAM." 
Q$ = WHILE Q$ = Q$ = INKEY?: WEND 'WAIT FOR KYBD INPUT. 
Q = VAL(Q$) 
ON Q GOTO CALIBR, ENTERID, CALMAP, ACQUIRE, CELLTEST, TSUBMENU, 
THRESHOLD, ELECEYES, BLOWTHISPOPSICLE 
GOTO MAINMENU 
TSUBMENU: 
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CLS 
GOTO SUBMENU 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' This tests to see if the Keithley 570 is calibrated. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
CALIBR: 
CLS 
LOCATE 12, 10: PRINT "CONNECT lOVDC SUPPLY AND DVM TO ANALOG CHANNEL 1" 
LOCATE 14, 10: INPUT "PRESS <ENTER> TO BEGIN"; Q$ 
CLS 
DEF SEG = &HCFF8 'DEFINE MEMORY STARTING LOCATION 
POKE 1, 6: POKE 10, 1: POKE 26, 0 'CHOOSE SLOT 6, ANALOG CH 1, GLOBAL 
GAIN =1 
Q$ = "" 
LOCATE 10, 10: PRINT "TEST VOLTAGE= VOLTS" 
PRINT : LOCATE 20, 10: PRINT "PRESS <SPACE> TO STOP" 
LOCATE 12, 10: PRINT "COUNTS =" 
TEST: 
POKE 24, 0 'PERFORM A/D CONVERSION 
HIGHB = PEEK(3) : LOWB = PEEK(2) 
VOLTS = 10 * ((256 * (HIGHB-240) + LOWB) / 4095) 'IN VOLTS 
COUNTS = 256 * HIGHB + LOWB 
LOCATE 10, 24: PRINT USING "##.#### VOLTS 
LOCATE 12, 19: PRINT USING "####"; COUNTS 
Q$ = INKEY$ 
IF Q$ <> " " THEN GOTO TEST 
GOTO MAINMENU 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' Enter the sample ID here 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
ENTERID: 
CLEAR : CLS 
LOCATE 12, 10: INPUT "ENTER ID OF SUBJECT (eg KME)"; ID$ 
LOCATE 14, 10: INPUT "ENTER SAMPLE # FOR THIS SUBJECT"; sn$ 
SIDEID: 
LOCATE 16, 10: INPUT "ENTER 'L' OR 'R' FOR SIDE GRID IS ON"; SIDE$ 
sn = VAL(sn$) 'INITIALIZE REAL VARIABLE SN 
NAME$ = ID$ + "0" + SIDE$ + sn$ + ".DAT"'CREATE DATA FILE NAME 
GOTO MAINMENU 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' This module initiates and acquires a data set. 
'++++++++++++++++++++++++++++++++++++++++++*f+++++++++++++++++++++++++ 
ACQUIRE : 
CLS 
LOCATE 18, 10: PRINT "DEPRESS AND HOLD START BUTTON TO ACQUIRE." 
DEF SEG = &HCFF8 'DEFINE MEMORY STARTING LOCATION 
POKE 1, 6: POKE 10, 0: POKE 26, 0 'CHOOSE SLOT 6, ANALOG CH 0, GLOBAL 
GAIN =1 
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POKE 9, 0 
POKE 9, 1 
READSWITCH: 
LOCATE 2,35:PRINT "!!! SIT STILL ! ! !" 
FOR N = 1 TO 49 'Aquire Static pressure dsbtn 
POKE 8, N - 1 'Select transducer. 
FOR D=1 TO 20:NEXT 'DELAY LOOP 
POKE 24, 0 'Perform A/D conversion. 
HIGH(N, 1) = PEEK(3): LOW(N, 1) = PEEK(2) 
NEXT 
POKE 8, 49 'Select X-er 50 separately. 
FOR D=1 TO 55:NEXT 'Delay loop. 
POKE 24, 0 'Perform A/D conversion. 
HIGH(50, 1) = PEEK(3): LOW(50, 1) = PEEK(2) 
IF (PEEK(6) AND 1) THEN GOTO READSWITCH 'If Start button pushed take 
data. 
LOCATE 2, 35: PRINT "! ! ! TAKING DATA!!!" 'INIT TIMER 
ST = TIMER 'Start time. 
FOR J = 2 TO 81 'Take a maximum of 8 sec of data. 
IF (PEEK(6) AND 1) THEN GOTO ACQDONE 'If switch is released stop 
data collection. 
IF (PEEK(7) AND 3) = 3 THEN 
PERIOD(J) =3 'If both elec eyes are triggered set to decelerate 
ELSEIF ((PEEK(7) AND 1) OR (PEEK(7) AND 2)) THEN 
PERIOD(J) = 2 'If one elec eye is triggered set to coast. 
ELSE 
PERIOD(J) = 1 'Otherwise set to accelerate. 
END IF 
WHILE (TIMER - (J - 1) / 10) < ST: EN = TIMER: WEND 'Time delay to 
maintain 10 Hz sampling rate 
FOR N = 1 TO 49 'Acquire pressure dsbtn data. 
POKE 8, N - 1: POKE 24, 0: HIGH(N, J) = PEEK(3): LOW(N, J) 
PEEK(2) 
NEXT 
POKE 8, 49 'Select X-er 50 separately. 
FOR D=1 TO 50:NEXT 'Delay loop. 
POKE 24, 0 'Perform A/D conversion. 
HIGH(50, J) = PEEK(3): L0w(50, J) = PEEK(2) 
T = J 'Keep track of size of this trial. 
NEXT J 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'This part converts the data to the voltage scale. 
ACQDONE: 
SOUND 250,6 
J = T 'Restore size of trial to J | Rqd. if all 8 sec used (i.e., J=82). 
TOT = EN - ST 'Actual total time for this trial to take place. 
CLS 
FREQ = (T - 1) / TOT 
LOCATE 14, 24: PRINT "APPROX SAMPLING FREQ = FREQ; " Hz" 
LOCATE 16, 24: PRINT "# OF FRAMES =";J 
FLAG2=0 
FOR M = 1 TO J 
FOR N = 1 TO 50 
'Reset elec eye flip flops - active pulse low 
'Return Reset to normal high state 
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PRESS(N, M) = 10 * ((256 * (HIGH(N, M) - 240) + LOW(N, M)) 
/ 4095) 'UNCOMPENSATED PRESS IN VOLTS 
IF PRESS(N, M) > 9.3 THEN GOSUB QUERY 
IF PRESS(N, M) < 0 THEN PRESS(N, M) = 0 'No neg press 
allowed 
NEXT 
NEXT 
YY=1 
GOTO DISPLAYl 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'The submenu allows various actions to be performed on a data set. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
SUBMENU: 
YY=1 
LOCATE 2, 
PRINT "D 
PRINT "2) 
PRINT "3) 
PRINT "4) 
PRINT "5) 
PRINT "6) Q$ = " 
1 
SAVE NAMES 
RETAKE NAME$ 
ACQUIRE NEXT DATA SET." 
ACQUIRE NEW DATA SET." 
DISPLAY PRESSURE DISTRIBUTION." 
RETURN TO MAIN MENU." 
WHILE Q$ = Q$ = INKEY$: WEND 
Q = VAL(Q$) 
ON Q GOTO SAVEDATA, ACQUIRE, NEXTDATA, ENTERID, DISPLAY, MAINMENU 
GOTO SUBMENU 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' This submodule saves data on disk drive A: 
SAVEDATA: 
CLS 
LOCATE 20, 10: PRINT "SAVING "; NAME$; " ON DEVICE A:" 
TNAME$ = "A:" + NAME$ 
OPEN TNAME$ FOR OUTPUT AS #1 
PRINT #1, USING "##"; J 'RECORD THE LENGTH OF THIS TRIAL 
PRINT #1, SIDE$ 
FOR M = 1 TO J 'THERE ARE J GRID READINGS FOR THIS TRIAL 
PRINT #1, USING "#"; PERIOD(M) 
FOR N = 1 TO 50 
PRINT #1, USING " #.####";PRESS(N, M) 
NEXT 
NEXT 
PRINT #1, "C" 
FOR N=1 TO 50 
PRINT #1, USING "#.####";MAP(N) 
NEXT 
CLOSE 
CLS : PRINT " NAME$; " SAVED ON DRIVE A:" 
FOR S = 100 TO 1200 STEP 7 
SOUND S, (S (.5) ) / 220 
NEXT 
GOTO SUBMENU 
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'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' Increment next data sample number. 
NEXTDATA: 
sn = sn + 1 'INCREMENTING SAMPLE # 
sn$ = RIGHT$(STR$(sn), LEN(STR$(sn)) - 1) 'CONVERT TO STRING VARIABLE 
PRINT "Sample #"; sn 
GOTO SIDEID 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' Display the current data set on screen or printer for review. 
DISPLAY: 
CLS:YY=0 
PRINT "LAST FRAME ="; J 
INPUT "TYPE IN THE FRAME # YOU WANT TO SEE <Static> YY 
IF YY = 0 THEN YY = 1 
IF YY > 81 THEN GOTO DISPLAY 
PRINT "DEPRESS CTRL-PRT SC." 
INPUT "THEN PRESS RETURN TO BEGIN."; Q$ 
DISPLAYl: 
CLS 
PRINT "-Pressure Distribution Grid- Frame#"; YY; " Values in Volts" 
PRINT "Cell # 1 in upper left." 
FOR N= 0 TO 45 STEP 5 
FOR M = 1 TO 5 
PRINT USING " ###.## PRESS (N + M, YY) ; 
NEXT 
PRINT 
NEXT 
PRINT "!!!!! .'DEPRESS CTRL-PRT SC! ! ! ! ! ! " 
INPUT "PRESS RETURN"; Q$ 
CLS 
GOTO SUBMENU 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'This module creates the calibration map taken before each sample. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
CALMAP: 
CLS:FLAT=0:V=0 
DEF SEG = &HCFF8 'DEFINE MEMORY STARTING LOCATION 
POKE 1, 6: POKE 10, 0: POKE 26, 0 'CHOOSE SLOT 6, ANALOG CH 0, GLOBAL 
GAIN =1 
FOR N = 1 TO 49 
POKE a, N - 1 
FOR D=1 TO 40 :NEXT 'Delay loop 
POKE 24, 0: HIGHB = PEEK(3): LOWB = PEEK(2) 
MAP(N) = 10 * ((256 * (HIGHB - 240) + LOWB) / 4095) 
F MAP(N) < (TRSH +0.06) THEN 
FLAT=1 
V=V+1 
BADCELL(V)=N 
END IF 
NEXT 
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POKE 8, 49 'Select X-er 50 separately because of a quirky timing 
problem. 
FOR D=1 TO 70:NEXT 'Delay loop. 
POKE 24, 0 'Perform A/D conversion. 
HIGHB = PEEK(3): LOWB = PEEK(2) 
MAP(50) = 10 * ((256 * (HIGHB - 240) + LOWB) / 4095) 
IF (MAP(50)-OFFSET(50)) < (TRSH + 0.06) THEN 
FLAT=1 
V=V+1 
BADCELL(V)=50 
END IF 
BEEP 
IF FLAT THEN 
• CLS: LOCATE 1,10: PRINT "THE FOLLOWING BLADDERS NEED TO BE 
REFILLED !" 
SOUND 1877,9 
PRINT "BADCELL #, MAP, CUMLTV TOT, OFFSET, MAP-OFFSET" 
FOR P = 1 TO V 
PRINT USING "_C_E_L_L_ _# ## #.#### _v_0_l_t_S ## 
#.#### #.####"; BADCELL(P), MAP(BADCELL(P)), P, 
OFFSET(BADCELL(P)), (MAP(BADCELL(P))- OFFSET(BADCELL(P))) 
NEXT 
INPUT "PRESS ENTER TO CONTINUE";Q$ 
END IF 
GOTO MAINMENU 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'This module displays the pressure of an X-er(s), in volts, on screen. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
CELLTEST: 
CLS 
LOCATE 2, 1: PRINT "1) TEST ALL 50 TRANSDUCERS." 
PRINT "2) TEST A SINGLE TRANSDUCER." 
Q$ = "": WHILE Q$ = Q$ = INKEY$: WEND 
Q = VAL(Q$) 
ON Q GOTO ALLXERS, ONEXER 
GOTO CELLTEST 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' Display all x-ers sequentially on the screen. 
ALLXERS: 
CLS : N = 1 
DEF SEG = &HCFF8 'DEFINE MEMORY STARTING LOCATION 
POKE 1, 6: POKE 10, 0: POKE 26, 0 'CHOOSE SLOT 6, ANALOG CH 0, GLOBAL 
GAIN =1 
WHILE N < 51 
P$ = LOCATE 8, 30: PRINT "HIT ANY KEY TO CONTINUE." 
LOCATE 16, 30: PRINT "CELL # "; N; " = VOLTS" 
WHILE P$ = "" 
POKE 8, N - 1: POKE 24, 0: HIGHB = PEEK(3): LOWB = PEEK(2) 
VOLTS = 10 * ((256 * (HIGHB - 240) + LOWB) / 4095) 
LOCATE 16, 42: PRINT USING "##.###"; VOLTS 
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P$ = INKEY$ 
WEND 
LOCATE 20, 30: PRINT "TYPE 'S' TO STOP, ANY OTHER KEY TO CONTINUE." 
Q$ = "": WHILE Q$ = Q$ = INKEY$: WEND 
IF Q$ = "S" OR Q$ = "S" THEN N = 50 
N = N + 1 
LOCATE 20, 30: PRINT " " 
WEND 
POKE 8, 0 'CLEAR DIGITAL O/P LINES. 
GOTO MAINMENU 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' Display only a selected x-er on the screen. 
ONEXER: 
CLS : PRINT : INPUT " ENTER CELL # (1-50) TO TEST."; N 
IF N < 1 OR N > 50 THEN GOTO ONEXER 
DEF SEG = &HCFF8 'DEFINE MEMORY STARTING LOCATION 
POKE 1, 6: POKE 10, 0: POKE 26, 0 'CHOOSE SLOT 6, ANALOG CH 0, GLOBAL 
GAIN =1 
P$ = LOCATE a ,  3 0 :  PRINT "HIT ANY KEY TO CONTINUE." 
LOCATE 16, 30: PRINT "CELL # "; N; " = VOLTS" 
WHILE P$ = "" 
POKE a, N - 1: POKE 24, 0: HIGHB = PEEK(3): LOWB = PEEK(2) 
VOLTS = 10 * ((256 * (HIGHB - 240) + LOWB) / 4095) 
LOCATE 16, 42: PRINT USING "##.###"; VOLTS 
P$ = INKEY$ 
WEND 
POKE 8, 0 'CLEAR DIGITAL O/P LINES. 
LOCATE 20, 30: PRINT "TYPE 'S' TO STOP, ANY OTHER KEY TO CONTINUE." 
Q$ = WHILE Q$ = "": Q$ = INKEY$: WEND 
IF Q$ = "S" OR Q$ = "S" THEN GOTO MAINMENU 
LOCATE 20, 30: PRINT " " 
GOTO ONEXER 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'This module establishes a zero offset compensation and/or optional 'threshold 
for the low air detection routine. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
THRESHOLD : 
CLS 
PRINT " Enter the bladder # you wish to use as the reference 
for " 
INPUT " threshold calibration then deflate it" ;N 
IF N < 1 OR N > 50 THEN GOTO threshold 
DEF SEG = &HCFF8 'DEFINE MEMORY STARTING LOCATION 
POKE 1, 6: POKE 10, 0: POKE 26, 0 'CHOOSE SLOT 6, ANALOG CH 0, GLOBAL 
GAIN =1 
P$ = "": LOCATE 8, 30: PRINT "Do you want to use this value (+ .06) as the 
threshold (Y or N)?" 
LOCATE 16, 30: PRINT "CELL # "; N; " = VOLTS" 
WHILE P$ = "" 
POKE 8, N - 1: POKE 24, 0: HIGHB = PEEK(3): LOWB = PEEK(2) 
135 
VOLTS = 10 * ((256 * (HIGHB - 240) + LOWS) / 4095) 
LOCATE 16, 42: PRINT USING "##.###"; VOLTS 
P$ = INKEY$ 
WEND 
POKE 8, 0 'CLEAR DIGITAL 0/P LINES. 
IF P$ = "Y" OR P$ = "y" THEN 
TRSH =VOLTS 
ELSE 
CLS:LOCATE 20,1 
PRINT "1) Keep old treshold value ofTRSH;"volts <DEFAULT>." 
print "2) Redo with new cell number." 
PRINT "3) Set TRESHOLD =0" 
Q$ = WHILE Q$ = "": Q$ = INKEY$: WEND 
IF Q$ = "2" THEN 
GOTO THRESHOLD 
ELSEIF Q$ = "3" THEN 
TRSH = 0 
END IF 
END IF 
GOTO MAINMENU 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'This module facilitates electric eye alignment. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
ELECEYES: 
CLS 
LOCATE 20,10:PRINT "Hit any key to return to main menu." 
DEF SEG = &HCFF8 'DEFINE MEMORY STARTING LOCATION 
POKE 1, 6: POKE 10, 0: POKE 26, 0 'SLOT 6, AN CH 0, GLOB GAIN =1 
POKE 9,0:POKE 9,1 'Reset Flip-Flop. 
IF (PEEK(7) AND 1) THEN SOUND 400,4 'Sound off if beam #1 is broken. 
IF (PEEK(7) AND 2) THEN SOUND 1200,4 'Sound off if beam #2 is broken. 
FOR DELAY =1 TO 100: NEXT 
Q$=INKEY$:IF Q$="" THEN GOTO ELECEYES 
GOTO MAINMENU 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'Exit the program. 
BLOWTHISPOPSICLE: 
CLS 
LOCATE 11, 30; PRINT "ADIOS! ! ! ADIOS! ! !" 
LOCATE 14, 30: PRINT "ADIOS! ! ! ADIOS! ! !" 
FOR J = 1 TO 2 
FOR I = 50 TO 2600 STEP 300 
SOUND 1,1/ 2000 
NEXT 
FOR I = 2600 TO 100 STEP -300 
SOUND I, I / 3000 
NEXT 
NEXT 
END 
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'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'x-fer program execution here for error analysis when an error occurs. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
ERRTRAP: 
CLS 
LOCATE 10, 10: PRINT "Error trap activated!!!" 
Y = 1 
FOR X = 360 TO 1620 STEP 59 
Y = SIN(X * 3.14159 / 1200): V = SIN(X * 3.14159 / 60) 
SOUND 320 + 120 * Y + 75 * V, X / 1000 
NEXT 
IF ERR =61 THEN 
LOCATE 22, 10: PRINT "DISK FULL. INSERT ANOTHER." 
GOTO SUBMENU 
ELSEIF ERR = 58 THEN 
LOCATE 23, 2 
PRINT "FILE ALREADY EXISTS. REPLACE OLD TNAME$; " WITH NEW 
TNAME$; " (Y or N)?" 
INPUT ; Q$ 
IF (Q$ = "Y" OR Q$ = "y") THEN 
CLOSE 
KILL TNAME$ 
RESUME 
ELSEIF (Q$="N" OR Q$="n") THEN 
GOTO SUBMENU 
ELSE 
GOTO ERRTRAP 
END IF 
END IF 
LOCATE 24,25:PRINT "ERROR #";ERR;"RESTART PROGRAM!" 
GOTO SUBMENU 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'This subroutines checks any X-ers suspected of being shorted. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
QUERY: 
IF FLAG2 =0 THEN 
CLS : BEEP 
PRINT "X=ER N; "IN TIME FRAME #"; M; "IS"; PRESS(N, M); 
"VOLTS." 
FLAG2=1 
PRINT 
REDO: 
PRINT "DO YOU WANT TO CONTINUE PROCESSING THIS FILE OR STOP 
PROCESSING" 
PRINT "AND RETURN TO MAIN MENU? ...CONTINUE (C) ...STOP(S)" 
Q$ = "": WHILE Q$ = Q$ = INKEY$: WEND 
CLS 
IF (Q$ = "C" OR Q$ = "C") THEN 
RETURN 
ELSEIF (Q$ = "S" OR Q$ = "s") THEN 
CLS 
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YY=1 
GOTO DISPLAYl 
ELSE 
GOTO REDO 
END IF 
ELSE 
PRINT "Shorted Transducers." 
YY=1 
GOTO DISPLAYl 
END IF 
C. Data Analysis Algorithm: Disability-Morphology Model 
This program reads and analyzes the 82 trials and saves the 
subject's physical data, the selected independent variables, and 
the dependent variables on floppy disk in a SAS suitable format. 
It is modularized and requires operator intervention only to place 
a new data disk in the drive when prompted. 
DECLARE SUB LOCFIND (VECTOR!(), Z!) 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' ANALYSIS PROGRAM 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
TOP: 
ON ERROR GOTO ERRTRAP 'SAFEGUARD AGAINST ERRORS (i.e., overflow) 
DIM PRESS(50, 81), PERI0D(81), MAP(50), ID$(7, 18), DIS$(7, 18), 
M0RPH$(7, 18), SEX$(7, 18), WEIGHT(7, 18), AGE(7, 18), CHAIR(7, 18) 
CLS : CLEAR 
CLOSE 
INPUT "Enter the input drive <B>"; INDRIVE$ ' Set read and 
IF (INDRIVE$ = "A" OR INDRIVE$ = "a") THEN ' write drives. 
INDRIVEg = "A;" 
OUTDRIVES = "B:" 
ELSE 
INDRIVEÇ = "B:" 
OUTDRIVE? = "A:" 
END IF 
CLS 
PRINT "Insert program disk in drive INDRIVE$; " and the results 
disk in drive OUTDRIVES 
PRINT " then hit any key to begin." 
Q$ = "": WHILE Q$ = "": Q$ = INKEYS: WEND 
TSUB$ = INDRIVES + "SUBJDATA.DAT" 
OPEN TSUB$ FOR INPUT AS #1 'Read the names and data of all 82 
data files. 
INPUT #1, labelS: PRINT label$ 'Read first 7 data which are just 
labels. 
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FOR DISK = 1 TO 7 '7 is the total # of data disks I'll be 
reading from. 
INPUT #1, DISK$(DISK), length(DISK): PRINT DISK$(DISK), length(DISK) 
FOR FILE = 1 TO length(DISK) 
INPUT #1, ID$(DISK, FILE), DIS$(DISK, FILE), MORPH$(DISK, 
FILE), SEX$(DISK, FILE), WEIGHT(DISK, FILE), AGE(DISK,FILE) , 
CHAIR(DISK, FILE) 
PRINT ID$(disk, FILE), DIS$(disk, FILE), MORPH$(disk, FILE), 
SEX$(disk, FILE), WEIGHT(disk, FILE), AGE(disk, FILE), 
CHAIR(disk, FILE) 
NEXT FILE 
NEXT DISK 
CLOSE 
CLS 
LOCATE 18, 35: PRINT "SUBJECT FILE LOADED !" 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Now read the data from each file one-by-one, analyze it, then save it. 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
FOR DISK = 1 TO 7 '7 is the total # of data disks I am reading from. 
LOCATE 8, 25: PRINT "Insert disk "/ DISKS(DISK); " in drive "; 
INDRIVE$; " then hit ANY key to continue." 
FOR I = 4500 TO 120 STEP -257 'Alert me to insert new data disk. 
SOUND I 1.2, 3 
NEXT 
Q$ = WHILE Q$ = "": Q$ = INKEY$: WEND 
FOR FILE = 1 TO length(DISK) 
CLS 
NAME$ = INDRIVE$ + ID$(DISK, FILE) + ".DAT" 
AMPERSAND$ = MID$(NAMES, LEN(NAME$) - 6, 1) 
INITIALSS = LEFT$(ID$(DISK, FILE), 3) 
LOCATE 14, 25: PRINT "...LOADING FILE NAMES; " NOW..." 
OPEN NAMES FOR INPUT AS #1 
INPUT #1, J 
INPUT #1, SIDE$ 
PRINT "SIDE = SIDE$ 
PRINT "FRAMES ="; J 
FOR M = 1 TO J 
INPUT #1, PERIOD(M): 
LOCATE 4, 2: PRINT M 
FOR N = 1 TO 50 
INPUT #1, PRESS(N, M) 
NEXT N 
NEXT M 
FOR M = 1 TO J 
FOR N = 1 TO 50 
PRESS(N, M) = 92.815 * PRESS(N, M) 'CONVERT VOLTS TO 
PRESSURE (itunHg) 
NEXT N 
NEXT M 
IF AMPERSAND$ = THEN 
INPUT #1, C$ 
FOR N = 1 TO 50 
INPUT #1, MAP(N) 
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NEXT 
FOR M = 1 TO J 
FOR N = 1 TO 50 
PRESS(N, M) = PRESS(N, M) - MAP(N) * 92.815 
NEXT 
NEXT 
END IF 
CLOSE 
LOCATE 14, 25: PRINT "... NAME$; " IS LOADED 
FOR T = 75 TO 1000 STEP 75 
SOUND T, T / 2000 
NEXT T 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
This part calculates static, high and low ave and max pressures (magnitude). 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
LOCATE 10, 25: PRINT "...CALCULATING NOW..." 
HAVE = 0: LAVE = 10000: HMAX = 0: LMAX = 10000 'INIT VARIABLES 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Find static results first 
SAVE = 0: SMAX = 0 
FOR N = 1 TO 50 
SAVE = PRESS(N, 1) + SAVE 
IF PRESS(N, 1) > SMAX THEN 
SMAX = PRESS(N, 1) 
SM = N 'SM = X-er where static max exists. 
END IF 
NEXT N 
SAVE = SAVE / 50 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Now find the dynamic results. 
FOR M = 2 TO J 
AVE = 0: MAX = 0 
FOR N = 1 TO 50 
AVE = PRESS(N, M) + AVE 'FIND THE AVERAGE PRESSURE 
IF PRESS(N, M) > MAX THEN 
CLS 
MAX = PRESS(N, M) 
NN = N 'NN =X-er 
'FIND THE MAX PRESSURE 
for maximum press in this time frame. 
END IF 
NEXT N 
AVE = AVE / 50 
IF (AVE > HAVE) THEN 'Find the largest ave global pressure 
HAVE = AVE 
THA = M 
END IF 
IF (AVE < LAVE) THEN 
'THA = time of largest ave global pressure 
'Find the lowest ave global pressure 
LAVE = AVE 
TLA = M 
END IF 
IF (MAX > HMAX) THEN 
'TLA = time of lowest ave global pressure 
'Find the largest max global pressure 
AVHHV HOXOaA IVINOZIHOH V SaiVHHO IHVd SIHIi S 01 I = X HOit 
aA\n ONv aAVH 'hays ao ohooo a oni-Hi o = z 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++I 
•SBznsssad SAB 
MOT 5 tjB-tq 'oTuiBuAp pue OT^e^s joj stxb-a uo uoT3eoo% aqq. spuTj uoz^oas s^m, 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++I 
Nisrao woHa viva aoNanaaay, 
(i)aAvn - SI = 
(DaAVHI - ST = 
(DaAvsi - SI = 
ai oNa 
(i)aAvn 
(I)aAVHI 
(i)aAvsn 
NaHi, (iiTu = èaais yo nii. = $aais) ai 
(I) UT 0:tB sanxBA x, 
•iÎBajB 8q:t 30 fiuTuuxfiaq eqs, 
o:> SAT:}Biaj ST NIOI 'NIOI UT suzn^az 5, 
aznssazd go zaguao aq:( spuxg aux^noj sxiji, 
(VU 
(VHl 
(I 
'R 
'K 
'R 
x)ssaHa 
x)ssaHa 
X)ssana 
AVHHV HOioaA TvoiiHaA V saivaHO iHva sihii 
Nioi = (DaAvn 
(z ' OnawaDoNiaoo'i Tivo 
NIOI = (DaAVHI 
(z ' OHawaDaNiaooi Tivo 
Nion = (DaAVSi 
(z ' 0 saHaDaNiaDOi nvo 
X ixaN 
^ ixaN 
(z)iaMai = (z)'iawai 
(z)HaMai = (z)Hawai 
(z)sawai = (z)sawai, 
Ç 01 I = A Hoa 
0 = (zjiawai 
0 = (z)Hawai 
0 = (z)sawai 
I + z = z 
s aais St 01 0 = X Hoa 
aAVi oNv aAVH 'aAvs ao aaooo x ONia, 0 = z 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++I 
* saanssaad 
BAB MOT 5 qGxq 'oxgeq-s joj stxb-x sq^ uo uoT3Boo% aq:) spuxj uoxgoas sxqi , 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++1 
-punoj saznssazd XVW 5 BAV go apn^xuôEWn INIHa • 
XVWS 
XVWS 
aAvs 
aAvs 
02 '01 aivoon 
- xvwn = xvwa 
- XVWH = XVWH 
- aAvi = aAvi 
- aAVH = aAVH 
simsan aznvwaoN 
•aanssaad jvqojb xbui ^saiTBWs go auiT:j=w^i 
-aanssazd iBqoxfi xbui ^satiBws J05 %a-x=XTr, 
aznssaad %Bqo%6 xbui ^saiTBWS aqtj puxa, 
aznssaid TEqot6 xbui ^saôaBt 50 auix^VsWHI 
•ajnssajd XBqox6 xbui ssaSzBt :rog za-x=WH, 
w ixaN 
ax ONa 
w = mi :NN = wn 
XVW = XVNT: 
NaHi (xvm > XVW) ai 
ax ONa 
W = WHI :NN = WH 
XVW = XVWH 
OM 
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Z = Z + 1 
TEMPS(Z) = 0 
TEMPH(Z) = 0 
TEMPL(Z) = 0 
FOR y •== 0 TO 45 STEP 5 
TEMPS(Z) = TEMPS(Z) + PRESS(X + y, 1) 
TEMPH(Z) = TEMPH(Z) + PRESS(X + y, THA) 
TEMPL(Z) = TEMPL(Z) + PRESS(X + y, TLA) 
NEXT y 
NEXT X 
CALL LOCFIND(TEMPS(), Z) 
LSAVE(2) = 7.5 - LCTN 'Y is in (2) 
CALL LOCFIND(TEMPH(), Z) 
LHAVE(2) = 7.5 - LCTN 'Y is in (2) 
CALL LOCFIND(TEMPL(), Z) 
LLAVE(2) = 7.5 - LCTN 'Y is in (2) 
LOCATE 12, 20: PRINT ' 'Location of AVE pressures found. 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Find distances of ave press w.r.t. static location. 
DHAVE = SQR( (LHAVE(l) - LSAVE(l) ) 2 + (LHAVE(2) - LSAVE(2) ) 2) 
DLAVE = SQR( (LLAVE(l) - LSAVE(l) ) ^ 2 + (LLAVE{2) - LSAVE(2)) 2) 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
This section finds the location on the X & Y axes for static, high & low max 
pressures. 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Location of max press in static frame. 
X = INT((SM +4) / 5) 
WHILE SM > 5: SM = SM - 5: WEND 
SM = 6 - SM 
IF (SIDE$ = "L" OR SIDE$ = "1") THEN X = 11 - X 
LSMAX(2) = 1.5 * (SM - 1) + .75 'Frontal plane(y - axis) 
LSMAX(l) = 1.5 * (X - 1) + .75 'Medial plane (x-axis) 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Location of global max pressures. 
X = INT((HM + 4) / 5) 
WHILE HM>5:HM=HM-5: WEND 
HM = 6 - HM 
IF (SIDES = "L" OR SIDE$ = "1") 
LHMAX(2) = 1.5 * (HM - 1) + .75 
LHMAX(l) = 1.5 * (X - 1) + .75 
X = INT((LM + 4) / 5) 
WHILE LM>5: LM=LM-5: WEND 
LM = 6 "" LM 
IF (SIDES = "L" OR SIDES = "1") 
LLMAX(2) = 1.5 * (LM - 1) + .75 
LLMAX(l) = 1.5 * (X - 1) + .75 
THEN X = 11 - X 
'Frontal plane (y-axis) 
'Medial plane (x-axis) 
THEN X = 11 - X 
'Frontal plane (y-axis) 
'Medial plane (x-axis) 
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'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Find distances of max press w.r.t. static location. 
DHMAX = SQR( (LHMAX(l) - LSMAX(l)) 2 + (LHMAX{2) - LSMAX(2)) 2) 
DLMAX = SQR((LLMAX(1) - LSMAX(l)) 2 + (LLMAX(2) - LSMAX{2)) 2) 
LOCATE 14, 20: PRINT "Location of MAX pressures found." 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
This section finds the magnitude of the largest & smallest areas where the 
pressure is greater than 35mmHg. 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++^+++++++++++++ 
Static area, magnitude and location. 
1 = 0 
TPRESS = 0: XPRESS = 0: ÏPRESS = 0 
FOR N = 1 TO 50 
IF PRESS(N, 1) > 35 THEN 
1 = 1 + 1 
NN = N 
X = INT((NN +4) / 5) 'Convert to grid coord. 
WHILE NN>5:NN=NN-5: WEND 
y = 6 - NN 
IF (SIDE$ = "L" OR SIDE$ = "1") THEN X = 11 - X 
TPRESS = PRESS(N, 1) + TPRESS 
XPRESS = X * PRESS(N, 1) + XPRESS 
YPRESS = y * PRESS(N, 1) + YPRESS 
END IF 
NEXT N 
LSAT(l) = ((XPRESS / TPRESS) - .5) * 1.5 
LSAT(2) = ((YPRESS / TPRESS) - .5) * 1.5 
'X coord for static area 
above 35mmHg 
'Y coord for static area 
above 35mmHg 
SAT = I * 2.25 'Area is # of cells * 2.25 in. sq. 
+++++++++++++++++++++++++++++++++++++++++4*++++++++++++++++++++++++++++++++++ 
Dynamic area above 35mmHg, magnitude and location. 
First find magnitudes. 
HAT = 0 : LAT = 51 
FOR M = 2 TO J 
1 = 0 
FOR N = 1 TO 50 
IF PRESS(N, M) > 35 THEN 1=1+1 
NEXT N 
IF I > HAT THEN 
HAT = I 
THAT = M 
END IF 
IF I < LAT THEN 
LAT = I 
TLAT = M 
END IF 
NEXT M 
'Find the largest area above 35mmHg 
'THAT = time of largest area above 35mmHg 
'Find the smallest area above 35mmHg 
'TLAT = time of smallest area above 35mmHg 
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'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' Find the location for HAT 
; YPRESS = 0 =  O i  TPRESS = 0: XPRESS 
FOR N = 1 TO 50 
IF PRESS(N, THAT) > 35 THEN 
1 = 1 + 1 
NN = N 
X = INT ( (NN +4) / 5) 'Convert to grid coord. 
WHILE NN > 5: NN = NN - 5: WEND 
y = 6 - NN 
IF (SIDES = "L" OR SIDE$ = "1") 
TPRESS = PRESS(N, THAT) + TPRESS 
XPRESS = X * PRESS(N, THAT) + XPRESS 
* PRESS(N, THAT) + YPRESS 
THEN X = 11 - X 
YPRESS = y 
END IF 
NEXT N 
LHAT(l) = ((XPRESS 
LHAT(2) = ((YPRESS 
HAT = HAT * 2.25 
/ TPRESS) - .5) 
/ TPRESS) - .5) 
•EACH CELL IS 2 
HAT*2.25 
* 1.5 
* 1.5 
25in.sq. 
'X coord of COP 
'Y coord of COP 
for HAT 
for HAT 
SO THE TOT AREA IS 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' Find the location for LAT 
TPRESS = 0: XPRESS = 0: YPRESS = 0: FLAGT = 0 
FOR N = 1 TO 50 
35 THEN IF PRESS(N, TLAT) > 
1 = 1 + 1 
NN = N 
X = INT((NN + 4) / 5) 'Convert to grid coord. 
NN = NN - 5 : WEND WHILE NN > 5 
y = 6 - NN 
IF (SIDE$ = "L" OR SIDE$ = "1") 
TPRESS = PRESS(N, TLAT) + TPRESS 
XPRESS = X * PRESS(N, LAT) + XPRESS 
* PRESS(N, LAT) + YPRESS 
THEN X = 11 - X 
YPRESS = y 
END IF 
NEXT N 
IF TPRESS = 0 THEN 
TPRESS = 1 
FLAGT = 1 
END IF 
LLAT(l) = ((XPRESS 
'To prevent overflow. 
coord of COP for LAT 
coord of COP for LAT 
'Since the lowest area above SSiranHg =0 then 
'set the coords equal to the static coords. 
TPRESS) - .5) * 1.5 'X 
LLAT(2) = ((YPRESS / TPRESS) - .5) * 1.5 'Y 
IF FLAGT = 1 THEN 
LLAT(l) = LSAT(l) 
LLAT(2) = LSAT(2) 
END IF 
LAT = LAT * 2.25 'EACH CELL IS 2.25in.sq. SO THE TOT AREA IS LAT*2.25 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Find distances w.r.t. static location. 
DHAT = SQR((LHAT(1) - LSAT(l)) 2 + (LHAT(2) - LSAT(2)) 2) 
DLAT = SQR((LLAT(1) - LSAT(l)) 2 + (LLAT(2) - LSAT(2)) 2) 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Normalize data 
144 
HAT = HAT - SAT 
LAT = LAT - SAT 
LOCATE 16, 20: PRINT "Magnitude & location of area above 35inmHg 
found." 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' This section finds the global max shift in center of pressure (COP). 
' ++++++++++++++++++++++++++++++++++++-i"++++++++4-+++++++++++++4*++++++++++++++++ 
DMCOP = 0 
FOR M = 2 TO J 
Z = 0 'Find the centers on the X axis. 
FOR X = 0 TO 45 STEP 5 'Make a vertical 1x10 array 
Z = z + 1 
TEMPH(Z) = 0 
FOR y = 1 TO 5 
TEMPH(Z) = TEMPH(Z) + PRESS(X + y, M) 
NEXT y 
NEXT X 
CALL LOCFIND(TEMPH(), Z) 'Find the center of pressure 
XLCTN = LCTN 
IF (SIDE$ = "L" OR SIDE$ = "1") THEN XLCTN = 15 - XLCTN 'Reference 
data to origin 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Z = 0 'Find the centers on the Y axis. 
FOR X = 1 TO 5 'Make a horizontal 1x5 vector array 
Z = z + 1 
TEMPH(Z) = 0 
FOR y = 0 TO 45 STEP 5 
TEMPH(Z) = TEMPH(Z) + PRESS(X + y, M) 
NEXT y 
NEXT X 
CALL LOCFIND(TEMPH(), Z) 'Find the center of pressure 
YLCTN = 7.5 - LCTN 
'+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' Find the max global shift in COP w.r.t. static COP. 
DISTANCE = SQR( (XLCTN - LSAVE(l)) 2 + (YLCTN - LSAVB(2)) 2) 
IF DISTANCE > DMCOP THEN 
DMCOP = DISTANCE 'Linear distance for max COP shift. 
THC = M 'Time that this event occured. 
LHCOP(l) = XLCTN 'X coord for this event. 
LHC0P(2) = YLCTN 'Y coord for this event. 
END IF 
NEXT M 
LOCATE 18, 20: PRINT "Location of center of pressures (COP) found." 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' This module saves the results into the file called RESULTS.DAT 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
RESULT$ = OUTDRIVES + "RESULTS.DAT" 
PRINT : PRINT "DATA FILE "; RESULTS; " BEING SAVED." 
OPEN RESULTS FOR APPEND AS #1 
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PRINT #1, USING "&&&&& ### ## ##.## ###.# ###.# 
# # # # . #  # # # # . #  # # # . #  # # # . #  # # # # # # #  ##. #  # # . #  
##.# ##.# ##.# ##.# ##.# ##.# ###.# ##.# INITIALS$, 
SIDES, DIS$(DISK, FILE), MORPH$(DISK, FILE), _ 
SEX$(DISK, FILE), WEIGHT(DISK, FILE), AGE(DISK, FILE), CHAIR(DISK, 
FILE); LAVE, HAVE, LMAX, HMAX, LAT, HAT, PERIOD(TLA), PERIOD(THA) 
PERIOD(TLM), PERIOD(THM), PERIOD(TLAT), PERIOD(THAT), PERIOD(THC) 
DLAVE, DHAVE, DLMAX, DHMAX, DLAT, DHAT, DMCOP, SAVE, SMAX, SAT 
CLOSE 
SOUND 600, 1: SOUND 150, 1: SOUND 1000, 1 
NEXT FILE 
CLS 
NEXT DISK 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
BEEP: SOUND 175, 7 
LOCATE 12, 33: PRINT "! !IGOODBYE! ! !" 
BEEP : BEEP 
END 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
ERRTRAP: 'Alert if an error occurs. 
FOR X = 1 TO 14 
T = TIMER 
CLS 
WHILE (TIMER - T) < .05 
SOUND 40 + 1.1 * 2 * (.9* (2+X)), l 
LOCATE 10, 10: PRINT "Error trap activated!!!" 
WEND 
NEXT 
GOTO TOP 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' THIS SUBROUTINE RETURNS THE CENTER OF PRESSURE OF THE INPUT VECTOR ARRAY. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
SUB LOCFIND (VECTOR(), Z) STATIC 
SHARED LCTN 
AREA = 0: LCTN = 0 
FOR M = 1 TO Z 'Find the area under the curve in VECTOR array. 
AREA = AREA + VECTOR(M) 
NEXT M 
AREA = AREA / 2 
T = 0: X = 0 
WHILE T < AREA 
X = X + 1 
T = VECTOR(X) + T 
WEND 
LCTN = 1.5 * (X - (T - AREA) / VECTOR(X)) 'LCTN IS IN INCHES FROM 
START OF FIRST ROW 
END SUB 
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D. Data Analysis Algorithm: Period-Disability-Morphology Model 
This program is similar to the program in Appendix A(C) . 
Instead of determining the global values of the dependent 
variables it determines the local values for each period within 
a trial. 
DECLARE SUB LOCFIND (VECTOR!{), Z!) 
'++•++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' ANALYSIS PROGRAM FOR PERIOD- ANALYSIS 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
TOP : 
ON ERROR GOTO ERRTRAP 'SAFEGUARD AGAINST ERRORS (i.e., overflow) 
DIM PRESS(50, 81), PERIOD(81), MAP(50), ID$(7, 18), DIS$(7, 18), 
M0RPH$(7, 18), SEX$(7, 18), WEIGHT(7, 18), AGE(7, 18), CHAIR(7, 18) 
CLS : CLEAR 
CLOSE 
INPUT "Enter the input drive <B>"; INDRIVE$ ' Set read and 
IF (INDRIVE$ = "A" OR INDRIVE$ = "a") THEN ' write drives. 
INDRIVE$ = "A:" 
OUTDRIVE$ = "B:" 
ELSE 
INDRIVE$ = "B:" 
OUTDRIVE$ = "A:" 
END IF 
CLS 
PRINT "Insert program disk in drive "; INDRIVE$; " and the results 
disk in drive OUTDRIVE$ 
PRINT " then hit any key to begin." 
Q$ = WHILE Q$ = Q$ = INKEY$: WEND 
TSUB$ = INDRIVE$ + "SUBJDATA.DAT" 
OPEN TSUB$ FOR INPUT AS #1 'Read the names and data of all 82 
data files. 
INPUT #1, label$: PRINT label$ 'Read first 7 data which 
are just labels. 
FOR DISK = 1 TO 7 '7 is the total # of data disks. 
INPUT #1, DISK$(DISK), length(DISK): PRINT DISK$(DISK), 
length(DISK) 
FOR FILE = 1 TO length(DISK) 
INPUT #1, ID$(DISK, FILE), DIS$(DISK, FILE), MORPH$(DISK, 
FILE), SEX$(DISK, FILE), WEIGHT(DISK, FILE), AGE(DISK, FILE), 
CHAIR(DISK, FILE), PRINT ID$(disk, FILE), DIS$(disk, FILE), 
MORPH$(disk, FILE), SEX$(disk, FILE), WEIGHT(disk, FILE), 
AGE(disk, FILE), CHAIR(disk, FILE) 
NEXT FILE 
NEXT DISK 
CLOSE 
CLS 
LOCATE 18, 35: PRINT "SUBJECT FILE LOADED !" 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
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' Find the time frames where one period ends and the next begins. 
FOR M = 2 TO J 
IF PERIOD(M) = 1 THEN FINISH(1) = M 
IF PERIOD(M) = 2 THEN FINISH(2) = M 
NEXT 
START(1) = 2 
START(2) = FINISH(1) + 1 
START(3) = FINISH(2) + 1 
FINISH(3) = J 
This FOR statement enables each of the three locomotion periods for 
every trial to be fully analyzed. 
FOR TT = 1 TO 3 
LOCATE 7, 20: PRINT "Analyzing period"; TT 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
This part calculates static, high and low ave and max pressures (magnitude). 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
LOCATE 10, 25: PRINT "...CALCULATING NOW..." 
HAVE = 0: LAVE = 10000: HMAX = 0: LMAX = 10000 'INIT VARIABLES 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Find static results first 
SAVE = 0: SMAX = 0 
FOR N = 1 TO 50 
SAVE = PRESS(N, 1) + SAVE 
IF PRESS(N, 1) > SMAX THEN 
SMAX = PRESS(N, 1) 
SM = N 'SM = X-er where static max exists. 
END IF 
NEXT N 
SAVE = SAVE / 50 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Now find the dynamic results. 
FOR M = START(TT) TO FINISH(TT) 
AVE = 0: MAX = 0 
FOR N = 1 TO 50 
AVE = PRESS(N, M) + AVE 'FIND THE AVERAGE PRESSURE 
IF PRESS(N, M) > MAX THEN 
MAX = PRESS(N, M) 'FIND THE MAX PRESSURE 
NN = N 'NN =X-er for maximum press in this time frame. 
END IF 
NEXT N 
AVE = AVE / 50 
IF (AVE > HAVE) THEN 'Find the largest ave global pressure 
HAVE = AVE 
THA = M 'THA = time of largest ave global pressure 
END IF 
IF (AVE < LAVE) THEN 'Find the lowest ave global pressure 
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LAVE = AVE 
TLA = M 
END IF 
IF (MAX > HMAX) THEN 
HMAX = MAX 
HM = NN; THM = M 
END IF 
IF (MAX THEN < UMAX) 
LMAX = MAX 
LM = NN: TLM = M 
IF END 
NEXT M 
NORMALIZE RESULTS 
HAVE = HAVE - SAVE 
LAVE = LAVE - SAVE 
HMAX = HMAX - SMAX 
LMAX = LMAX - SMAX 
'TLA = time of lowest ave global pressure 
'Find the largest max global pressure 
'HM=X-er for largest max global pressure. 
THM=time of largest max global pressure. 
'Find the smallest max global pressure 
'IiM=X-er for smallest max global pressure. 
TLM=time of smallest max global pressure. 
liMA liMA
LOCATE 10, 20: PRINT "Magnitude of AVE & MAX pressures found." 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' This section finds the location on the X-axis for static, high 5 low ave 
pressures. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Z = 0 'FIND 
FOR X = 0 TO 45 STEP 5 'THIS 
Z = Z + 1 
TEMPS(Z) = 0 
TEMPH(Z) = 0 
TEMPL(Z) = 0 
FOR y = 1 TO 5 
TEMPS(Z) = TEMPS(Z) + 
TEMPH(Z) = TEMPH(Z) + 
TEMPL(Z) = TEMPL(Z) + 
NEXT y 
NEXT X 
CALL LOCFIND(TEMPS 0, Z) 
LSAVE(l) = LCTN 
CALL LOCFIND(TEMPH{), Z) 
LHAVE(l) = LCTN 
CALL LOCFIND(TEMPL(), Z) 
LLAVE(l) = LCTN 
X COORD OF SAVE, HAVE AND LAVE 
PART CREATES A VERTICAL VECTOR ARRAY 
PRESS(X 
PRESS(X 
PRESS(X 
Yr 
y, 
y. 
1) 
THA) 
TLA) 
'This routine finds the center of pressure 
'& returns it in LCTN. LCTN is relative to 
'the beginning of the array. 
'X values are in (1) 
IF (SIDE$ = "L" OR SIDE$ = "1") THEN 
LSAVE(l) = 15 - LSAVE(l) 
LHAVE(l) = 15 - LHAVE(l) 
LLAVE(l) = 15 - LLAVE(l) 
END IF 
'REFERENCE DATA FROM ORIGIN 
' ++++++++"t*+++++++++++++++++++++++++++++++++++++*(-++4*++++++++++++++++++++++++++ 
'This section finds the location on the Y-axis for static, high & low ave 
pressures. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Z = 0 'FIND Y COORD OF SAVE, HAVE AND LAVE 
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FOR X = 1 TO 5 'THIS PART CREATES A HORIZONTAL VECTOR ARRAY 
Z = Z + 1 
TEMPS(Z) = 0 
TEMPH(Z) = 0 
TEMPL(Z) = 0 
FOR y = 0 TO 45 STEP 5 
TEMPS(Z) = TEMPS(Z) + PRESS(X + y, 1) 
TEMPH(Z) = TEMPH(Z) + PRESS(X + y, THA) 
TEMPL(Z) = TEMPL(Z) + PRESS(X + y, TLA) 
NEXT y 
NEXT X 
CALL LOCFIND(TEMPS 0, Z) 
LSAVE(2) = 7.5 - LCTN 'Y is in (2) 
CALL LOCFIND (TEMPHO , Z) 
LHAVE(2) = 7.5 - LCTN 'Y is in (2) 
CALL LOCFIND(TEMPL(), Z) 
LLAVE(2) = 7.5 - LCTN 'Y is in (2) 
LOCATE 12, 20: PRINT "Location of AVE pressures found." 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' Find distances of ave press w.r.t. static location. 
t 
DHAVE = SQR( (LHAVE(l) - LSAVE(l) ) 2  +  (LHAVE{2) - LSAVE(2)) 2) 
DLAVE = SQR( (LLAVE(l) - LSAVE(l) ) 2 + (LLAVE(2) - LSAVE(2) ) 2) 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'This section finds the location on the X & Y axes for static, high & low max 
pressures. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
I 
' Location of max press in static frame. 
X = INT((SM +4) / 5) 
WHILE SM > 5: SM = SM - 5 : WEND 
SM = 6 - SM 
IF (SIDE$ = "L" OR SIDE$ = "1") THEN X = 11 - X 
LSMAX(2) = 1.5 * (SM - 1) + .75 'Frontal plane(y - axis) 
LSMAX(l) = 1.5 * (X - 1) + .75 'Medial plane (x-axis) 
I 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' Location of global max pressures. 
X = INT((HM + 4) / 5) 
WHILE HM>5: HM=HM-5: WEND 
HM = 6 - HM 
IF (SIDE$ = "L" OR SIDE$ = "1") THEN X 
LHMAX(2) = 1.5 * (HM - 1) + .75 
LHMAX(l) = 1.5 * (X - 1) + .75 
X = INT((LM + 4) / 5) 
WHILE LM>5: LM = LM - 5: WEND 
LM = 6 - LM 
IF (SIDE$ = "L" OR SIDE$ = "1") THEN X 
LLMAX(2) = 1.5 * (LM - 1) + .75 
LLMAX(l) = 1.5 * (X - 1) + .75 
: 11 - X 
'Frontal plane (y-axis) 
'Medial plane (x-axis) 
11 - X 
'Frontal plane (y-axis) 
'Medial plane (x-axis) 
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'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' Find distances of max press w.r.t. static location. 
DHMAX = SQR( (LHMAX(l) - LSMAX(l)) " 2 + (LHMAX(2) - LSMAX(2)) 2) 
DLMAX = SQR((LLMAX(1) - LSMAX(l)) 2 + (LLMAX(2) - LSMAX(2)) 2) 
LOCATE 14, 20: PRINT "Location of MAX pressures found." 
' ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' This section finds the magnitude of the largest & smallest areas where the 
' pressure is greater than 35mmHg as well as the corrsp center of pressures. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Static area, magnitude and location. 
1 = 0 
TPRESS = 0: XPRESS = 0: YPRESS = 0 
FOR N = 1 TO 50 
IF PRESS(N, 1) > 35 THEN 
1 = 1 + 1 
NN = N 
X = INT((NN +4) / 5) 'Convert to grid coord. 
WHILE NN > 5: NN = NN - 5: WEND 
y = 6 - NN 
IF (SIDES = "L" OR SIDE$ = "1") THEN X = 11 - X 
TPRESS = PRESS(N, 1) + TPRESS 
XPRESS = X * PRESS(N, 1) + XPRESS 
YPRESS = y * PRESS(N, 1) + YPRESS 
END IF 
NEXT N 
LSAT(l) = ((XPRESS / TPRESS) - .5) * 1.5 'X coord for Static area above 
35iranHg 
LSAT(2) = ((YPRESS / TPRESS) - .5) * 1.5 'Y coord for Static area above 
35mmHg 
SAT = I * 2.25 'Area is # of cells * 2.25 in. sq. 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Dynamic area above 35mmHg, magnitude and location. 
First find magnitudes. 
HAT = 0: LAT = 51 
FOR M = START(TT) TO FINISH(TT) 
1 = 0 
FOR N = 1 TO 50 
IF PRESS(N, M) > 35 THEN 1=1+1 
NEXT N 
IF I > HAT THEN 'Find the largest area above 35mmHg 
HAT = I 
THAT = M 'THAT = time of largest area above 35mmHg 
END IF 
IF I < LAT THEN 'Find the smallest area above 35mmHg 
LAT = I 
TLAT = M 'TLAT = time of smallest area above 35mmHg 
END IF 
NEXT M 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' Find the location for .HAT 
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TPRESS = 0: XPRESS = 0: YPRESS = 0 
FOR N = 1 TO 50 
IF PRESS(N, THAT) > 35 THEN 
1 = 1 + 1 
NN = N 
X = INT((NN +4) / 5) 'Convert to grid coord. 
WHILE NN>5:NN=NN-5: WEND 
y = 6 - NN 
IF (SIDE$ = "L" OR SIDE$ = "1") THEN X = 11 - X 
TPRESS = PRESS(N, THAT) + TPRESS 
XPRESS = X * PRESS(N, THAT) + XPRESS 
YPRESS = y * PRESS(N, THAT) + YPRESS 
END IF 
NEXT N 
LHAT(l) = ((XPRESS / TPRESS) - .5) * 1.5 'X coord of COP for HAT 
LHAT(2) = ((YPRESS / TPRESS) - .5) * 1.5 'Y coord of COP for HAT 
HAT = HAT * 2.25 'EACH CELL IS 2.25in.sq. SO THE TOT AREA IS HAT*2.25 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Find the location for LAT 
TPRESS = 0 : XPRESS = 0 : YPRESS = 0 : FLAGT = 0 
FOR N = 1 TO 50 
IF PRESS(N, TLAT) > 35 THEN 
1 = 1 + 1 
NN = N 
X = INT ( (NN + 4) / 5) 
NN = NN - 5 : WEND 
'Convert to grid coord. 
WHILE NN > 5 
y = 6 - NN 
IF (SIDE$ = "L" OR SIDE$ = "1") 
TPRESS = PRESS(N, TLAT) + TPRESS 
XPRESS = X * PRESS(N, LAT) + XPRESS 
PRESS(N, LAT) + YPRESS 
THEN X = 11 - X 
'To prevent overflow. 
YPRESS = y 
END IF 
NEXT N 
IF TPRESS = 0 THEN 
TPRESS = 1 
FLAGT = 1 
END IF 
LLAT(l) = ((XPRESS / TPRESS) -
LLAT(2) = ((YPRESS / TPRESS) -
IF FLAGT = 1 THEN 
LLAT(l) = LSAT(l) 
LLAT(2) = LSAT(2) 
END IF 
LAT = LAT * 2.25 'EACH CELL IS 2.25in.sq. SO THE TOT AREA IS LAT*2.25 
Find distances w.r.t. static location. 
LSAT(l)) 2 + (LHAT(2) - LSAT(2)) 
.5) 
.5) 
1.5 
1.5 
'X coord of COP for LAT 
'Y coord of COP for LAT 
'Since the lowest area above 35minHg =0 then 
'set the coords equal to the static coords. 
DHAT = SQR((LHAT(1) 
DLAT = SQR((LLAT(1) - LSAT(l)) 
Normalize data 
HAT = HAT - SAT 
LAT = LAT - SAT 
LOCATE 16, 20; PRINT 
found." 
2 + (LLAT(2) - LSAT(2)) 
2 )  
2 )  
Magnitude & location of area above 35itimHg 
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'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' This section finds the global max shift in center of pressure (COP). 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
DMCOP = 0 
FOR M = START(TT) TO FINISH(TT) 
Z = 0 'Find the centers on the X axis. 
FOR X = 0 TO 45 STEP 5 'Make a vertical 1x10 array 
Z = Z + 1 
TEMPH(Z) = 0 
FOR y = 1 TO 5 
TEMPH(Z) = TEMPH(Z) + PRESS(X + y, M) 
NEXT y 
NEXT X 
CALL LOCFIND(TEMPH0, Z) 'Find the center of pressure 
XLCTN = LCTN 
IF (SIDE$ = "L" OR SIDE$ = "1") THEN XLCTN = 15 - XLCTN 
•REFERENCE DATA TO ORIGIN 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Z = 0 'Find the centers on the Y axis. 
FOR X = 1 TO 5 'Make a horizontal 1x5 vector array 
Z = Z + 1 
TEMPH(Z) = 0 
FOR y = 0 TO 45 STEP 5 
TEMPH(Z) = TEMPH(Z) + PRESS(X + y, M) 
NEXT y 
NEXT X 
CALL LOCFIND(TEMPH(), Z) 'Find the center of pressure 
YLCTN = 7.5 - LCTN 
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
Find the max global shift in COP w.r.t. static COP. 
DISTANCE = SQR( (XLCTN - LSAVE(l)) 2  +  (YLCTN - LSAVE(2)) 2) 
IF DISTANCE > DMCOP THEN 
DMCOP = DISTANCE 'Linear distance for max COP shift. 
THC = M 'Time that this event occured. 
LHCOP(l) = XLCTN *X coord for this event. 
LHC0P(2) = YLCTN 'Y coord for this event. 
END IF 
NEXT M 
LOCATE 18, 20: PRINT "Location of center of pressures (COP) found." 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
This module saves the results into the file called PRDRSLTS.DAT 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
RESULT$ = OUTDRIVE$ + "PRDRSLTS.DAT" 
PRINT : PRINT "DATA FILE "; RESULT$; PERIOD TT; " BEING 
SAVED." 
OPEN RESULT$ FOR APPEND AS #1 
PRINT #1, USING "& & & & & # ###.# ###.# ####.# ####.# 
# # # . #  # # # . #  # # . #  # # . #  # # . #  # # . #  # # . #  # # . #  # # . #  # # . #  
# # # . #  # # . #  I N I T I A L S $ ,  I D E $ ,  S N $ ,  D I S $ ( D I S K ,  F I L E ) ,  
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MORPH$(DISK, FILE), TT, LAVE, HAVE, LMAX, HMAX, LAT, HAT, DLAVE, 
DHAVE, DLMAX, DHMAX, DLAT, DHAT, DMCOP, SAVE, SMAX, SAT 
CLOSE 
SOUND 600, 1: SOUND 150, 1: SOUND 1000, 1 
CLS 
NEXT TT 
NEXT FILE 
CLS 
NEXT DISK 
BEEP: SOUND 175, 7 
LOCATE 12, 33: PRINT "! !ÎGOODBYE! ! !" 
BEEP: BEEP 
END 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
ERRTRAP: 
FOR X = 1 TO 14 
T = TIMER 
CLS 
WHILE (TIMER - T) < .05 
SOUND 40 + 1.1 * 2 * (.9* (2+X)), 1 . 
LOCATE 10, 10: PRINT "Error trap activated!!!" 
WEND 
NEXT 
GOTO TOP 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
' THIS SUBROUTINE RETURNS THE CENTER OF PRESSURE OF THE INPUT VECTOR ARRAY. 
'++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
I 
SUB LOCFIND (VECTORO, Z) STATIC 
SHARED LCTN 
AREA = 0: LCTN = 0 
FOR M = 1 TO Z 'Find the area under the curve in VECTOR array. 
AREA = AREA + VECTOR(M) 
NEXT M 
AREA = AREA / 2 
T = 0: X = 0 
WHILE T < AREA 
X = X + 1 
T = VECTOR(X) + T 
WEND 
LCTN = 1.5 * (X - (T - AREA) / VECTOR(X)) 'LCTN IS IN INCHES FROM 
START OF FIRST ROW 
END SUB 
155 
APPENDIX B 
VOLUNTARY INFORMED CONSENT FORM 
This document has been reformatted for inclusion into this paper. 
This Voluntary Informed Consent Form will describe the research you will participate in, what is 
required of you and what the personal risk to you is. You must sign it before you may participate in 
this study. After signing this Voluntary Informed Consent Form you will be asked to fill out a short 
questionnaire in conjunction with this study. Also, some physical measurements will be taken (eg. 
sitting knee length, back pan angle, hip breadth, etc.). All information you provide will remain 
anonymous and not specifically traceable to you. Any questions you have concerning this research, 
your role, or the potential risk to you will be answered before you begin participation. If at any time 
you wish to discontinue participation in this study for any reason you may do so without prejudice to 
you. 
Little is known about the dynamic pressure distribution changes that take place in wheelchairs 
during activities such as propelling oneself on a level surface. An understanding of dynamic 
pressures may impact the design of wheelchair seat cushions engineered to minimize pressure sores. 
This research will investigate dynamic interfacial pressure changes of the seated wheelchair user 
during short bursts of locomotion on a level surface. 
A pressure-measuring grid will be placed on the seat of your wheelchair or on the provided 
wheelchair for the nondisabled subjects. It measures pressure between you and the wheelchair one 
half (either left or right) at a time. You will be asked to sit in the wheelchair and propel yourself 
over a distance of about 25 feet. You will accelerate, coast, then decelerate to a complete stop. 
Two trials will be performed when the transducer grid is on the left side and two when it is on the 
right. You will stand or be lifted off of the seat before each trial in order to collect a calibration 
reading. It will take about IS minutes to complete all trials for each nondisabled subject and about 
20-25 minutes for each disabled subject. You have been asked to wear loosely fitting pants to 
enhance standardization of the test conditions. 
There is no significant risk of injury expected for you in this study. If the air bladder grid or 
the foam-covered transducers on the opposite half of the seat cause any discomfort on you the source 
of the discomfort will be remedied before the study commences. For the disabled subjects the 
majority of risk would occur during transfer to and from the wheelchair. It is for this reason that all 
transfer and seating tasks will be performed by Younker Rehabilitation Center Personnel. Although 
you will be sitting on wires leading to and from the grid they are low voltage and covered by foam so 
the electrical shock hazard is very small. 
Referral for treatment of any injuries that occur as a direct result of participation in this 
research will be provided by Iowa Methodist Medical Center. Iowa Methodist Medical Center does not 
assume any responsibility for any costs incurred for such treatment. Any charges for such treatment 
are the responsibility of the subject. Compensation for treatment of any injuries that may occur as a 
direct result of participation may or may not be paid by Iowa State University depending on the Iowa 
Tort Claims Act. Claims for compensation will be handled by the Iowa State University Vice 
President for Business and Finance. 
If you have any questions concerning any aspect of your participation in this study feel free to 
ask the researchers. 
BY SIGNING BELOW YOU STATE THAT 
YOU HAVE READ THIS CONSENT FORM, 
UNDERSTAND IT,HAVE HAD YOUR 
QUESTIONS PERTAINING TO IT 
S A T I S F A C T O R I L Y  A N S W E R E D ,  A N D  
VOLUNTARILY AGREE TO PARTICIPATE 
IN THIS STUDY ACCEPTING THE RISKS 
V o l u n t e e r  S u b j e c t  K e s e a r c n e r / w i t n e s s  
ENTAILED BY IT. YOU ALSO 
UNDERSTAND THAT YOU MAY 
DISCONTINUE PARTICIPATION AT ANY 
TIME FOR ANY REASON WITHOUT 
OBJECTION BY THE RESEARCHER(S) O R 
ANY ONE INVOLVED WITH THE STUDY. 
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APPENDIX C 
SUBJECT DATA FORM 
Please answer the following questions on this questionnaire. If you 
have any questions or need assistance please feel free to ask. 
SEX: o Male ° Female AGE: 
WEIGHT: 
LENGTH OF TIME CONFINED TO A WHEELCHAIR (yrs.,mo.): 
TYPE OF DISABILITY: ° None 
o Paraplegic 
° Quadraplegic 
° Nervous/Muscular Disorder 
° Other...Please Describe. 
BRAND OF WHEELCHAIR YOU ARE USING FOR THIS STUDY: 
FOR RESEARCHhK J USE: * 
S/N Morph: ° F o S ° M 
SH: ULL: 
LLL: HB: 
TD: 
Seat Pan Z : Back Pan Z : 
Seat Sag: 
Comments: 
* S/N - subject number Morphology - fat, skinny, muscular 
SH - seated eye height ULL - upper leg length 
LLL - lower leg length HB - hip breadth 
TD - thigh diameter 
APPENDIX D 
PHYSICAL DATA & PRESSURE DATA: Disability-Morphology Analysis 
The following data was generated from the data analysis algorithm of Appendix A.C. 
The variable abbreviations are as follows: 
CBS » Observation # ID » 
MORPH » Morphology WT » 
LAVE » Lowest global average HAVE » 
HMAX » Highest global maximum LAT » 
PLAVE » Period LAVE occurred PHAVE » 
PHMAX » Period HMAX occurred PLAT » 
PCOP » Period DCOP occurred {COP » 
DLAVE » COP shift during LAVE DHAVE » 
DHMAX » COP Shif t  during HMAX DLAT » 
DCOP » Maximum global COP shi f t  SAVE » 
SAT » Static threshold area YRS » 
Subject ID 
Weight 
Highest global average 
Lowest threshold area 
Period HAVE occurred 
Period LAT occurred 
center-of-pressure shift 
COP shift during HAVE 
COP shift during LAT 
Static average pressure 
Years disabled category 
DIS » Disability 
YRSDIS» Years disabled 
LMAX » Lowest global maximum 
HAT » Highest threshold area 
PLMAX » Period LMAX occurred 
PHAT » Period HAT occurred 
w.r.t. static center-of-pressure} 
DLMAX » COP shift during LMAX 
DHAT » COP shift during HAT 
SMAX » Static maximum pressure 
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R P  P  P  P  D D D D 
S  0  S L H L H L H L H P  P  P  L H L H D D D S  S  
0  I  D R S  A D A A M M L H A A M M h H C A A M M L H C A M S  
B I  D I  P E W G I  V V A A A A V V A A A A 0  V V A A A A 0  V A A 
S  D E S  H X T E S  E E X X T T E E X X T  T P  E E X X T  T P  E X T  
1  BLF L D M F  112 18  1 .58  -4 .  ,1  9 .7  -81,  .6  150,  .0  -4  .  5  9 .  .0  1  1  1  1  1  1  1  0.2  0 .1  0 .  .0  0 .0  0 .9  0 .1  0 .6  21.4  247.1  18 .0  
2  BLF L D M F  112 18 1 .58  -5 ,  .8  10 .0  -56  .4  157 .1  -11,  .3  9 .  .0  1  1  1  1  1  1  1  0 .6  0 .1  0 ,  .0  0 .0  0 .3  0 .3  0 .8  25.2  250.9  22 .5  
3  BLF R D M F  112 18  1 .58  -10.  ,2  11 .6  -80 .2  139 .8  -6 ,  .8  18,  .0  1  1  1  1  1  1  2 0 .4  0 .4  0 ,  .0  0 .0  4 .8  0 .7  0 .6  26.7  228.9  13 .5  
4 BLF R D M F  112 18  1 .58  -11.  .8  13 .2  -235 .5  204 .0  -6  .8  13 .5  2  1  2 1  2 1  1  0 .6  0 .1  1  .5  0 .0  0 .3  0 .5  0 .8  31.6  368.1  22 .5  
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5  BLJ L D M M 182 28  10 .  83  -13 .  3  11.4  -3 .  0  75 .  7  0 .  0  13 .  5  
6  BLJ L D M M 182 28  10 .  83  -14 .  5  12.2  -19 .  5  67.  5  0 .  0  9 .  ,0  
7  BLJ L D M M 182 28 10 .  83  -16 .  9  12 .2  -11 .  6  78.  ,4  -2 .  ,3  13 ,  ,5  
8  BLJ R D M M 182 28  10 .  83  -15 .  6  12 .9  -61 .  9  117.  ,4  -11 .  3  6 ,  ,8  
9  BLJ R D M M 182 28  10 .  83  -13 .  0  13 .5  -39 .  9  90,  .2  -9 .  ,0  4 ,  .5  
10  BLJ R D M M 182 28 10 .  83  -11 .  0  7 .4  -51 .  ,5  79 ,  ,1  -9 .  .0  4 ,  .5  
11  JDL L D F  M 186 26 4 .  08  -17 .  1  20.1  -224.  ,8  310.  1  -22 .  .5  15 .  .8  
12 JDL L D F  M 186 26 4 .  08 -16 .  ,5  25 .2  -119,  .7  444,  .9  -24 .  .8  13 ,  .5  
13 JDL L D F  M 186 26 4 .  08 -14 .  .3  26 .5  -272,  ,7  138,  .5  -24 .  .8  15 .  .8  
14 JDL R D F  M 186 26 4 .  08 -26 .  ,9  5 .9  -273,  .3  -0 ,  .9  -20 .  .3  11,  .3  
15 JDL R D F  M 186 26 4 .  08  -16 ,  .6  10 .1  -80 .  .5  66 .9  -20,  .3  15  .8  
16 JDL R D F  M 186 26 4 .  08  -14 .  .7  10 .8  -94,  .3  117 .0  -18  .0  11  .3  
17 LJE L D M F  135 33 11 .  00  -6 .  .8  7 .1  -68,  .2  99 .3  0  .0  11  .3  
18 LJE L D M F  135 33 11 .  ,00  -6 .  .4  7 .2  -91 ,  .1  113 .1  -13 .5  4 .5  
19 LJE L D M F  135 33 11 .  ,00  -7 ,  .1  5 .7  -170 .2  -7  .5  -4  .5  9  .0  
20 LJE R D M F  135 33 11 .  .00  -16  .9  11.5  -35  .8  123 .3  -11  .3  4 .5  
21 LJE R D M F  135 33 11 .  .00  -5  .8  13.2  -57  .3  293 .1  -4  .5  9  .0  
22 LJE R D M F  135 33 11.  .00  -4  .4  8 .2  -53  .7  62 .1  -2  .3  9  .0  
23 LWJ R D S  M 128 22 0 ,  .13  -1  .6  23.4  -68  .7  152 .5  0  .0  22 .5  
24 LWJ R D S  M 128 22 0  .13  -9  .8  14.1  -89  .5  87 .5  -15 .8  6  .8  
25 MJA R D M M 180 32 2  .50  -14 .3  16.4  -93  .2  124 .7  -11  .3  11 .3  
P P P  D D D D 
H L H P  P  P  L H L H D D D S  S  
A M M L H C A A M M L H C A M S  Y 
V A A A A 0  V V A A A A 0  V A A R 
E X X T T P E E X X T T P E X T S  
1  1  1  1  1  1  0 .3  0 .2  2 .1  1 .5  0 .2  0 .4  0 .3  51.1  216.  7  38 .3  3  
1  1  1  1  1  1  0.2  0 .0  0 .0  0 .0  1 .3  0 .2  0 .3  54.1  261.  1  38.3  3  
2  1  2 1  2 1  0 .2  0 .2  0 .0  0 .0  1 .6  0 .4  0 .2  52 .9  252.  3  38 .3  3  
1  1  1  1  1  0.4  0 .1  0 .0  0 .0  0 .2  0 .3  0 .4  50 .6  278.  8  36 .0  3  
2  1  1  1  1  0.4  0 .2  2 .1  2 .1  3 .0  0 .2  0 .4  46.0  259.  1  36.0  3  
1  1  1  1  1  0.3  0 .0  2 .1  2 .1  2 .4  0 .1  0 .4  48.7  268.  6  36 .0  3  
1  1  1  1  1  0.3  0 .3  0 .0  0 .0  2 .4  0 .4  0 .6  44.1  375.  8  45 .0  2  
1  1  1  1  1  0.7  0 .3  1 .5  0 .0  1 .0  0 .2  0 .7  45.6  292 4  47 .3  2  
1  1  1  1  1  0 .3  0 .3  2 .1  0 .0  1 .4  0 .1  1 .0  43.3  410.  7  49 .5  2  
1  1  1  1  1  0.5  0 .5  1 .5  0 .0  0 .9  0 .5  0 .8  58.4  382 6  63 .0  2  
1  1  1  1  1  0 .5  0 .3  1 .5  1 .5  0 .5  0 .3  0 .9  51.2  278 8  51.8  2  
3  1  3  1  1  0.4  0 .3  2 .1  0 .0  2 .8  0 .2  1 .0  47.5  297 8  49 .5  2  
1  1  1  1  1  0.4  0 .2  0 .0  0 .0  1 .2  0 .5  0 .5  21.6  197 4 11 .3  3  
1  1  1  1  1  0 .2  0 .2  1 .5  0 .0  0 .9  0 .3  0 .4  23.4  212 4  27 .0  3  
3  1  1  1  2 0 ,2  0 .5  0 .0  0 .0  0 .1  0 .6  0 .6  24.3  454 2  15 .8  3  
1  1  1  1  3  0 .7  0 .2  0 .0  2 .1  0 .9  0 .2  0 .8  35.9  390 3  20.3  3  
1  1  1  1  1  0 .1  0 .2  0 .0  1 .5  0 .5  0 .5  0 .2  32.8  289 .0  18 .0  3  
1  1  2 1  1  0.0  0 .1  0 .0  0 .0  0 .1  0 .4  0 .2  32.7  428 .4  15 .8  3  
1  1  1  1  3  0 .1  0 .4  0 .0  0 .0  0 .9  1 .0  0 .7  26.3  383 .3  11.3  1  
2 1  3  1  3  3  0 .3  0 .1  0 .0  3 .0  0 .6  0 .6  0 .7  35.4  367 .0  27.0  1  
1  2 1  1  2 2  0 .2  0 .1  0 .0  0 .0  2 .9  0 .5  0 .3  36.6  216 .9  33.8  2  
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M R P  P  P  P D D D D 
S  0  S L H L H L H L H P  P  P  L H L H D D D S  S  
o  I  D R s  A D A A M M L H A A M M L H C A A M M L H C A M S  Y 
B I  D I  P E W G I  V V A A A A V V A A A A 0  V V A A A A O V A A R 
S  D E S  H X T  E S  E E X X T T E E X X T T P E E X X T T P  E X T S  
26  MJA R D M M 180 32 2 .50  -16 .  0  14 .2  -90 .  ,4  141.  9  -11 .  3  11 .  3  2  1  2 1  2 3  2  0 .3  0 .2  0 .  0  0 .0  4 .5  0 .4  0 .3  35.8  200.  8  31 .5  2  
27 MRW L D F  M 175 28 0 .17  -23 .  5  20.7  -219.  ,9  156.  2  -15 .  8  9 .  0  1  1  1  2 1  1  1  0.4  0 .2  0 .  ,0  0 .0  9 .0  0 .3  0 .4  41.0  370.  1  33.8  1  
28 MRW L D F  M 175 28 o.n -15 .  ,4  5 .2  -12 .  .5  194.  2  -22 .  ,5  9 .  ,0  1  1  2 1  1  2 1  1 .0  0 .6  3 .  .0  3 .0  0 .6  0 .3  1 .4  36.6  232.  3  36.0  1  
29 MRW L D F  M 175 28 0 .17  -7. 9 18 .1  21.  .1  366.  1  -9 .  0  24 .  ,8  1  1  1  1  1  3 1  0 .8  0 .2  1 .  .5  1 .5  2 .9  1 .0  1 .0  30.8  212.  8  29 .3  1  
30 PXB L D F  F  140 24 2 .75  -10 .  ,2  10 .0  -4 .  ,8  97 .  2  -15 ,  8  6 .  ,8  1  1  1  1  1  3  1  0 .9  0 .2  0 .  ,0  0 .0  1 .6  0 .5  1 .3  40.2  138.  0  54 .0  2  
31  PXB L D F  F  140 24 2 .75  -14 .  ,1  16 .1  -155.  .9  284.  2  -11 .  ,3  9 .  ,0  1  1  1  2 1  1 2 0 .1  0 .5  0 .  .0  2 .1  1 .2  0 .7  0 .9  39.7  378.  1  36.0  2  
32  PXB L D F  F  140 24 2 .75  -12 .  ,7  11 .3  -126,  .5  157.  .8  -13 .  .5  9 .  .0  1  1  1  1  1  1  1  0.5  0 .1  0 ,  .0  0 .0  0 .5  0 .4  0 .8  40.7  316.  4  42 .8  2  
33  RLT L D S  M 175 39 0 .67  -12 .  .0  15 .2  -100,  .6  92.  ,7  -2 ,  .3  4 .  .5  1  1  1  1  1  1  1  0.3  0 .2  0 ,  .0  0 .0  1 .2  0 .3  0 .5  41.0  221.  ,2  36 .0  1  
34 RLT R D S  M 175 39 0 .67  -15 .  ,9  7 .7  -118,  .3  100.  .4  -6 .  ,8  4 .  ,5  1  3  1  2 1  1  2 0 .5  0 .1  0 .  .0  1 .5  7 .5  0 .3  0 .7  41.9  265.  9  38 .3  1  
35 RLT R D s  M 175 39 0 .67  -10 .  ,5  6 .7  -76,  .4  23 ,  ,8  —6.  ,8  4 .  .5  2  3  3  2  2  3  3  0 .2  0 .3  4 ,  .7  1 .5  1 .6  0 .2  0 .8  37.8  208.  3  38.3  1  
36 RLT R D s  M 175 39 0 .67  -8 ,  .9  14 .3  -57 .4  124,  .7  -4 ,  .5  6  .8  1  3  1  1  1  3 3  0 .1  0 .5  1  .5  1 .5  2 .1  0 .5  0 .5  36.9  239.  ,4  38 .3  1  
37 RXB R D F  M 245 45 0 .83  -18,  .9  19 .4  -85  .4  73,  .0  -4 ,  .5  15,  .8  1  1  1  3 1  1  1  0.2  0 .4  0  .0  0 .0  1 .5  0 .8  0 .4  64.8  216.  5  60 .8  1  
38 RXB R D F  M 245 45 0 .83  -18,  .5  31 .1  -138 .7  87,  .9  -15 ,  .8  20,  .3  1  2 1  2 1  2 1  0 .1  0 .3  0  .0  0 .0  3 .2  0 .8  0 .4  67 .3  271.  5  69 .8  1  
39 TSB L D M M 150 23  2 .42  -3  .4  10 .8  23 .6  302 .6  -9  .0  4 .5  1  1  1  1  1  1  1  0 .6  0 .2  0  .0  0 .0  1 .2  0 .1  0 .8  35.5  243,  ,7  33 .8  2  
40 TSB L D M M 150 23 2 .42  -11  .7  21 .5  -11  .1  411 .1  -18 .0  6  .8  1  1  1  1  1  2 1  0 .9  0 .8  0  .0  1 .5  1 .4  0 .3  1 .0  33.0  212,  .4  36 .0  2  
41  TSB L D M M 150 23  2 .42  -15  .4  14 .6  -110 .2  59 .8  -15  .8  2  .3  1  1  1  1  1  1  1  0.7  0 .4  3  .0  0 .0  3 .4  0 .1  0 .7  33.9  202,  .4  38 .3  2  
42 TSB L D M M 150 23  2 .42  -11  .2  15.4  -71  .6  109 .7  -13  .5  4 .5  1  1  1  2 1  1  1  0.6  0 .1  3  .0  0 .0  1 .8  0 .2  0 .6  27.5  151,  .2  36 .0  2  
43  DAC L N s  M 135 25 0 .00  -3  .8  15.7  —4 4  .2  174 .8  -4  .5  6  .8  1  3 1  1  1  1  1  0 .1  0 .0  0  .0  0 .0  0 .0  0 .3  0 .2  27 .3  217,  .4  29 .3  0  
44 DAC L N S  M 135 25 0 .00  -11  .4  9 .1  -135 .8  41 .7  -11  .3  6  .8  1  2 1  1  1  2 1  0 .1  0 .2  0  .0  0 .0  1 .4  0 .3  0 .3  34.6  313,  .5  33.8  0  
45 DAC R N S  M 135 25 0 .00  -11  .9  6 .6  -111 .1  15 .6  -9  .0  11 .3  1  1  1  1  1  1  1  0 .2  0 .5  0  .0  0 .0  0 .5  0 .9  0 .5  29.5  217 .6  24.8  0  
4 6  DAC R N  s  M  135 25 0 .00  -10  .1  8 .8  -114 .7  -12  .5  -6  .8  9  .0  1  1  1  1  1  1  1  0 .2  0 .5  0  .0  0 .0  2 .1  0 .9  0 .6  31.2  236 .6  27.0  0  
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47  GGN L N M F  133 27 0 .00  -20 .  5  17 .1  -131.  7  63 .  5  -36 .  0  18 .  0  
48 GGN L N M F  133 27 0 .00  -13 .  4  29 .1  -37 .  6  143.  ,7  -42 .  8  22 .  5  
49 GGN R N M F  133 27 0 .00  -10 .  7  22 .4  -33 .  ,1  146.  ,0  -27 .  0  22 .  ,5  
50  GGN R N M F  133 27 0 .00  -17 .  9  15 .4  -84 .  ,5  76 ,  ,2  -36 .  .0  15 .  .8  
51  KME L N S  M 153 31  0 .00  -10 .  1  17.8  -71 ,  ,6  104,  .5  -6 .  .8  6 ,  .8  
52  KME L N S  M 153 31 0 .00  -11 .  8  16 .1  -85,  .4  97 ,  .5  -6 .  ,8  0 ,  .0  
53  KME R N s  M 153 31  0 .00  -12 .  9  13 .2  -88 ,  ,2  91,  .1  -11 ,  ,3  4 ,  ,5  
54 KME R N s  M 153 31 0 .00  -10 .  7  14 .6  -97,  .7  115,  .8  -11 ,  ,3  9 ,  .0  
55  LBW L N s  F 110 25  0 .00  -16 .  0  26 .9  -42  .4  153,  .2  -29 .  ,3  38.  .3  
56 LBW L N s  F 110 25 0 .00  -20 .  ,9  17 .4  -90 ,  .0  81,  .6  -38 .  ,3  33.  .8  
57 LBW R N s  F 110 25 0 .00  -19 .  ,6  9 .3  -54,  .4  25,  .2  -33 .  ,8  31.  .5  
58  LBW R N s F 110 25  0 .00  -17 .  ,5  11 .1  -76  ,4  28  .1  -36.  .0  31.  5  
59 MMM h N F  F  122 27 0 .00  -14 ,  .2  13 .7  -85  .7  62 .6  -38,  .3  20 .3  
60 MMM L N F  F 122 27 0 .00  -18 ,  .0  10 .7  -94  .3  35 .6  -29 .3  15 .8  
61 MMM R N F  F  122 27 0 .00  -6 ,  .8  23 .6  -16  .8  150 .0  -20  .3  31 .5  
62 MMM R N F  F  122 27 0 .00  -15 ,  .4  20 .5  -54  .2  64 .4  -33  .8  27 .0  
63 MRC L N S  M 135 25 0 .00  -17 .  .4  19 .2  -123 .3  140 .1  -18 .0  15 .8  
64 MRC L N  S M 135 25 0 .00  -8  .3  24.4  -40  .6  147 .6  -13  .5  11 .3  
65 MRC R N s  M 135 25 0 .00  —16 .1  10.7  -96  .1  42 .2  -29  .3  15 .8  
66 MRC R N  s  M  135 25 0 .00  -15  .8  11.2  -142 .6  -15 .0  -24 .8  22 .5  
67 PSB L N  F F 122 36 0 .00  -6  .3  41.2  -19  .7  164 .1  -27 .0  31 .5  
P P P  D D D D 
H L H P  P  P  L H L H D D D S  S  
A M M L H C A A M M L H C A M S  Y 
V A A A A 0  V V A A A A 0  V A A R 
E X X T T P  E E X X T T P  E X T S  
1  1  1  1  2 1  0 .7  0 .1  2 .1  0 .0  0 .8  0 .7  0 .9  36.2  176.  6  45 .0  0  
1  1  1  1  1  1  0.2  0 .5  9 .1  0 .0  0 .0  0 .7  0 .9  27 .1  71.  2  42 .8  0  
1  1  3  1  1  1  0.9  0 .3  3 .4  1 .5  2 .9  1 .3  1 .0  25.3  72 .  7  29 .3  0  
1  1  2 1  1  1  1 .1  0 .3  3 .4  0 .0  2 .7  0 .8  1 .1  33.1  121.  9  40 .5  0  
1  1  1  1  1  1  0.3  0 .1  1 .5  0 .0  2 .6  0 .4  0 .4  37 .5  162.  3  40 .5  0  
1  1  1  1  1  1  0.4  0 .1  0 .0  1 .5  1 .0  0 .0  0 .4  35 .0  173.  2  42 .8  0  
1  1  3 1  1  1  0.2  0 .1  2 .1  0 .0  3 .6  0 .2  0 .3  33.7  167.  7  38 .3  0  
1  3  1  3 1  0 .4  0 .1  1 .5  0 .0  1 .5  0 .4  0 .4  31 .6  186.  1  33.8  0  
1  1  1  1  1  1  3.4  0 .5  10 .6  0 .0  7 .8  1 .9  3 .4  28 .8  79.  1  31.5  0  
1  1  1  1  1  1  4.3  0 .6  10 .6  0 .0  0 .0  2 .2  4 .9  32.5  121.  9  38 .3  0  
1  3 1  1  1  4.5  0 .5  12 .0  2 .1  9 .7  2 .8  4 .5  33.4  99 .  7  36 .0  0  
1  1  3 1  1  1  4.6  0 .8  10 .6  0 .0  0 .0  2 .7  4 .6  30.9  108.  8  36.0  0  
1  1  1  1  1  1  0 .9  0 .1  2 .1  0 .0  0 .6  1 .3  0 .9  33.3  129.  9  47 .3  0  
1  1  1  1  1  1  0 .8  0 .2  1 .5  0 .0  4 .6  0 .8  0 .8  34.3  137.  8  36 .0  0  
1  1  1  1  3 1  0 .8  0 .2  2 .1  0 .0  4 .3  2 .3  0 .8  27.9  74 6  36 .0  0  
1  1  2 1  3  1  0.7  0 .2  1 .5  0 .0  1 .7  2 .0  1 .1  32.7  104 7  42 .8  0  
1  1  1  1  1  1  1 .2  0 .3  0 .0  1 .5  1 .0  0 .4  1 .2  34.7  191 7  31 .5  0  
1  1  1  1  1  1  2 .0  0 .9  12.4  0 .0  5 .7  0 .6  2 .0  22.1  88 2  24 .8  0  
1  1  1  1  1  1  2 .0  0 .4  1 .5  1 .5  2 .8  1 .1  2 .0  31.1  154 6  38 .3  0  
2  1  1  1  2 1  2 .0  0 .6  0 .0  0 .0  7 .0  1 .4  2 .5  29.7  191 5  31.5  0  
1  1  1  1  1  3  0 .3  0 .2  0 .0  2 .1  1 .4  0 .4  0 .8  29.4  70 7  47 .3  0  
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68 PSB L N F  F  122 36 0 .00  -24 .  3  32 .8  -100 .9  112 4 —60 8  15  .8  1  1  1  1  1  1  3  0 .8  0 .0  1  .5  0 .0  1 .6  0 .5  0 .9  43.8  142.  6  67 .5  0  
69 PSB R N F  F  122 36 0 .00  -18 .  9  14 .5  -32 .2  79 1  -38 .3  24 .8  1  1  1  1  1  3 3  0 .9  0 .4  3  .4  0 .0  1 .1  1 .7  1 .5  38.3  112.  9  51 .8  0  
70 PSB R N F  F  122 36 0 .00  -26 .  1  25.6  -85  .7  50 3  -58  5  27 .0  1  1  1  1  1  1  2 0 .4  0 .1  1  .5  0 .0  0 .0  0 .8  2 .1  40.6  113.  8  58 .5  0  
71  RAL L N M M 150 24 0 .00  -27 .  9  15 .6  -107 .4  47 6  -38  .3  15 .8  1  2 1  1  1  1  1  0.5  0 .3  0  .0  0 .0  7 .7  1 .4  0 .5  44.5  164.  1  56.3  0  
72 RAL L N M M 150 24 0 .00  -24 .  0  17 .3  -90 .7  66 .4  -29  .3  15 .8  1  1  1  1  1  1  1  0.1  0 .3  1  .5  1 .5  3 .9  0 .8  0 .4  46 .5  165.  9  56 .3  0  
73 RAL R N M M 150 24 0 .00  -23 .  4  21 .1  -103 .6  29 5  -27 .0  20 .3  1  2 1  1  2 2  0 .2  0 .3  0  .0  0 .0  3 .4  1 .9  1 .1  47.9  186.  3  56 .3  0  
74 RAL R N M M 150 24 0 .00  -20 .  5  17 .4  -75  .7  60 .5  -31  .5  18 .0  1  1  1  1  1  1  2 0 .1  0 .2  0  .0  0 .0  3 .6  1 .6  1 .0  47.2  158.  2  63 .0  0  
75  RKK L N M M 180 29 0 .00  -28 .  0  21 .9  -73  .9  88 .8  -31  .5  9  .0  1  1  1  1  1  1  1  0.2  0 .3  0  .0  0 .0  0 .3  0 .5  0 .6  46.5  130.  6  51 .8  0  
76 RKK L N M M 180 29 0 .00  -10 .  8  31.4  -23  .8  122 .8  -24  .8  13 .5  1  1  1  1  1  1  1  0.3  0 .2  0  .0  0 .0  1 .9  0 .4  0 .7  30.0  88 .  2  47 .3  0  
77 RKK R N M M 180 29 0 .00  -23 .  4  14 .4  -66  .4  49 .4  -27  .0  6  .8  1  1  1  1  1  1  1  0.4  0 .1  0  .0  0 .0  7 .5  0 .2  0 .4  44.8  123.  3  58 .5  0  
78 RKK R N M M 180 29 0 .00  -22 .  5  14.2  —66 .6  39 .7  -22  .5  6  .8  1  1  1  1  1  1  1  0.3  0 .2  3  .0  3 .4  8 .1  0 .2  0 .3  46.0  125.  6  56 .3  0  
79 TQD L N F  M 145 32 0 .00  -19 .  0  16 .4  -131 .9  47 .8  -22  .5  27 .0  1  1  1  1  1  3 3  0 ,5  0 .1  0  .0  0 .0  0 .5  1 .3  1 .1  39.2  210 1  42.8  0  
80 TQD L N F  M 145 32 0 .00  -21 .  5  16 .1  -74 .6  52 .1  -29 .3  18 .0  1  1  1  1  1  1  1  0.3  0 .2  1  .5  1 .5  1 .2  0 .3  0 .6  38.5  150.  9  47 .3  0  
81  TQD R N F  M 145 32 0 .00  -13 .  1  14.8  -56  .2  72 .1  -15 .8  4 .5  1  1  1  1  1  1  1  0 .1  0 .2  3  .4  0 .0  1 .8  0 .1  0 .3  39.9  160.  9  47 .3  0  
82 TQD R N F  M 145 32 0 .00  -15  8  16.4  -56  .9  107 .7  -22  .5  13 .5  1  1  1  1  1  1  1  0.4  0 .3  2  .1  0 .0  6 .4  0 .8  0 .6  36.3  112 9  42 .8  0  
